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DISSERTATION ABSTRACT
David O. Zakharov
Doctorof Philosophy
Department of Earth Sciences
September 2019

Title: Triple Oxygen Isotope in Highlemperature Hydrothermally Altered Rocks: A
Recordof Paleoclimate and Ancient Hydrosphéteck Interactions

In this disertation, | use isotopes of H, O and Sr to trace interaction between
meteoric waters, seawater and rocks in modern and extinct areas-térjggrature
hydrothermahlteration The ancient hydrothermal systemase used heras a tool to
investigatingpaleoclimate, paleogeography, ghdlong-term evolution of global
isotope budget of hydrosphere. The dissertation beginsewitioringtriple oxygen
isotopes to trace locéblids in modern geothermal systems of Iceland (Krafla,
Reykjanes)where seawater and meteoric waters participate in reagtibrmid-ocean
ridge basalts at high temperatures (> 250 °C). Next, | present resthietrgble oxygen
and hydrogen isotope studytbie2.432.41 Gaaltered basaltsom the Vetreny belt,

Russia to constrain the isotopemposition of contemporaneous seawater. | find that the

U DU*0 andgd’O values of the early Paleoproterozoic seawater were similar to that of

Cenozoic seawater valsieThis study is supported by demonstrating the combined
strontium and oxygen isotope exchange betwregambriarseawater and basalt with
implications forthe effects ofow marine sulfate levels. Further, | explore the @D
signatureof the Belomoran belt, Russithat was likelygenerated during subglacial
rifting and magmatisnat low latitudesn the early Paleoproterozoidsingod’O
approach| reconstructhe *80 values of the low latitude precipitationto e4.0 N 5
This value is evidentfan active hydrologic cycle facilitated through evaporatibn
seawaterand precipitation at extremely low temperatures (betwégand-40 °C)

during the Paleoproterozoic snowball Earth glaciatibfssnghigh-precison U-Pb zircon
dating | constrain he timing of subglacial magmatisim2.44-2.41 Gaand2.29 GaThe
triple oxygen isotope approach is@gplied tothelow {80 2.422.38 Ga Scourie dikes

iv
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of the Lewisian complex, Scotland test forassimilation or/and recycling of very low
'O component, similar to the rocks fratime Belomorian belt.

This dissertation includes previously published and unpublishedttmred
material.This dissertation is accompanied by electronic supplemental file that contains

U-Pb geochronology data.
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CHAPTER |
INTRODUCTION

A unique feature of our planet is the ubiquitous presence of liquid water on its
surface. In pursuit of equilibrium, theimerals exposed netdreE a r tsunface react
with abundant aqueous fluids at ambient temperatures altering the appearance of the
planebs rocky shell . This process has been
generating and modulating biological nutrient cycles, plate tectonccfoagterm
climate dynamics. Isotopes of oxygen and hydrogéoth found in rockandin water--
are at heardf the research presented here. Their isotope ratios are used here
reconstructhe surface environment amsbtope characteristics of thgdrospherearly
in the Eartho6s history.

This dissertation focuses on hydrothermal alteration of shallow upper crust as the
driving mechanism for the reaction between surface waters and rocks. The most common
type of such waterock interaction is high taperature (> 250C) circulation of seawater
at midocean ridges and attendaeatrystallizatiorof the upper 28 km of oceanic crust.

As a result, this process contributes the most voluminous flux into the stable isotope
budget oftheterrestrial hydrospére. The recent advent of highecision triple oxygen
isotope analysis allows me to explore the new dimension of watkrinteraction in
hydrothermal systems. The systematic variations in fractionati$iogfO relative to

70/*%0 recordedy fluids and mineralghat underwent isotope excharaye used in this
dissertation as a tool to trace the involvement of meteoric watersgin and snow) and
seawatem modern hydrothermal systems. This dissertation is aimed to use these results
to reconstructhe environment during a critical stagetiidE a r t h 6 snthie eadyt or vy
Paleoproterozoidyetween 2.5 and 2.2 billion years agjbis periods of geologic history
marks an important shift in the environmental conditions including the emergence of free
oxygen in the atmosphere, subaerial exposure of continental landmass asdri@acee
temperature fluctuation3he triple oxygen isotope approach helps to tackle some of the
current problems in the field of stable isotope geochemistry and Precambiliagygeo

such as londgerm trends in oxygen isotope composition of seawater and state of

hydrosphere during snowball Earth episodes. The overarching motivation behind this

ope



dissertation is to assess the environmental conditiotieiearly Paleoproterozoising
the unigue isotope recotlat provide constraints which could not be reached otherwise.

In Chapter Il, | use modern geothermal areas of Iceland to conduct a thorough test
for triple oxygen isotope systematiasatracers of fluids in the crust. Thigork uses a
well-controlled environment of drilled geothermal aresasthat theyp’O approactcan
be reliably appliedo the subsequent studies of ancient hydrothermal systems. Using
three particular hydrothermal systems, Geitafell, Krafla and Reykjafiess me to
trace involvement of both meteoric water and seawater in alteration -@fa®&h ridge
basalts. Knowing the initial isotope values of local groundwsdarcesas well as having
the temperaturprofilesrecorded in the drilling wells, | am abto demonstrate the effect
of waterrock exchangeand boiling on the triple oxygen isotope ratios of fluids and
mineralsas well as the effect of temperatwlependent fractionatiofinally, this study
exploresgneous recycling of hydrothermally altenextks byprovidingtriple oxygen
isotope measurements of contaminated magmas.

In Chapter Ill, he wellpreservegillow structures, hyaloclastites and komatiitic
basalts of th@.43-2.41 Ga Vetrenyelt, Baltic Shieldare investigated using hydrogen
and triple oxygen isotopekprovide anewestimate ofi D0 andgd ‘O values of the
early Paleoproterozoic seawater. This estimate is then used in subsequent chapters as a
starting point of evaporatiedistillation cycle(i.e. part of the global water cyclpjocess
that controls the oxygen isotope compositiopi@cipitation

In Chapter IV,a multrisotope approach is developedtacethe effectof
interaction between sulfaf@or seawater and basaltic rookshe ArcheanProterozoic
time beforel use the hydrothermally altered rocks from the 248l Ga Vetreny belt to
study Srisotope budget of Precambrian seawater and to support the triple oxygen isotope
estimates of seawater isotope composition from Chapt@mii$ chapter is focused on
the budget ofedox sensitivelementsn submarine hydrothermal systems, particularly
sulfate, which icontrolledby t he evol ving oxidative capacit
High marine sulfate in the modern ocesitinkedto precipitation of anhydrite within
altered oceanic cruahd neaiquantitative removal of Sr from seawater. The Archean

and Paleoproterozoic oceans had extremely low sulfate coattensrwhich must have



promoted high fraction of seawatgerived Sr irntheisotope budget of submarine
hydrothermal fluids

In Chapter V, | apply the triple oxygen isotope measurements and preBlse U
dating to constrain the timing and conditions of the snowball Earth glaciations of the
early Paleoproterozoic. This studyctises on the new evidence for existence of glacial
ice at low latitudes that is based the IB\RO signature of ancient hydrothermal systems
from the Belomorian belt of the Baltic Shield, Russia. Alternative to the traditional
research on glacial diantites, this study allows t@construct thé'®0 value of glacial
meltwater mean annual temperaturasdto apply precise geochronological dating to
determine th timing of glacial episodes.dbermining the age of these roakish high
precision isa challeging taskdue to the imposed metamorphism. To address this, the
chapter presents results of secondary ion pnades spectrometiIMS) and chemical
abrasion isotope dilution thermal ionization mass spectrometryfiDEAMS)
techniques t@roduce grecise and accurate age of the early Paleoprotersabgiacial
intrusions.

In Chapter VI, | investigate additional occurrences of IB%D rocksthat support
the evidence fothe globallycold climate of the early Paleoproterozoic. This study uses
triple oxygen isotope data collected froiew localities across the 500 km span of the
Belomorian belt. Alspanew triple oxygen isotope datetis presented for thew U0
Scourie dikes, the Lewisian Complex of the NW Scotland. Both provinces contain
isotope signaturesghatreflect hight e mper at ure exchang®  bet ween r
meteoric waters representing a recof@ctive hydrologic cycle during trearly
PaleoproterozoicAs a tentative connection between the Belomorian belt and the
Lewisian complg, | investigate the isotope signature of the protoliths incorporated into
the Scourie dikewia igneous process.

Chapter Il of this dissertation is-@uthored with llya N. Bindeman, Ryoji
Tanaka, Guomundur O. Fridleifsson, Mark H. Reed, and Rachelrhptda and is under
review atChemical GeologyChapter Il is ceauthored with llya N. Bindeman and was
published inGeochimica et Cosmochimica AdcteMarch 2019. Chapter 16 in
preparation for publication and is-emthored by Ilya N. Bindeman, Rydjanaka, Craig
C. Lundstrom, Mark H. Reed and David Butterfield. Chapter V is cauthored with
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llya N. Bindeman, Alexander I. Slabunov, Maria Ovtcharova, Matthew A. Coble, Nikolai
S. Serebryakov, and Urs Schaltegger and was publisi@éalogyin July 2017. Chapter
VI is co-authored by llya N. Bindeman, Nikolai S. Serebryakov, Anthony R. Prave, Pavel

Ya. Azimov, and Irina |. Babarina andirspressat Precambrian Research



CHAPTER I
TRIPLE OXYGEN ISOTOPE SYSTEMTICS AS ATRACER OF FLUIDS IN THE
CRUST: A STUDY FROM MODERN GEOTHERMAL AREAS OF ICELAND
From Zakharov, D.O., Bindeman, |.N.anaka R., Fridleifsson G.O., Reed M.
and Hampton R.L(2019) Triple oxygen isotope systematics as a tracer of fluids in the

crust: A studyfrom modern geothermal areas of Iceland. In revie@remical Geology.

1.0Introduction

Hydrothermal alteration of midcean ridge basalts to greenschist facies mineral
assemblages provides the dominant control on the isotopic and elemental budget of
seawater and notably modifies the composition of the oceanic crust (Muehlenbachs and
Clayton, 1976; Alt and Teagle, 2000). Since, oxygen is the most abundant element both
in water and rocks and has a distinct isotopic composition in these reservoirs, the
alteration can be monitored and quantified by*fi@"°0 ratio. The advent of high
precision triple oxygen isotope measurements enables us to use hydrothermally altered
rocks as tracers of fluids in the past and thereby better understand details of past
hydrothermal processes. In this paper, we explore the effects ofdrngherature
alteration of basaltic crust using simultaneous measuremel/80 and*®0/*°0
ratios in continental and neaoastal hydrothermal systems of Iceland. We hope to better
distinguish the intertwined effects of temperature and fluid isotopic composition in
controlling the isotopic compositions of hydrothermally altered rocks. In this regard,
triple oxygen isotope measurements are superior to the convertioH&D
measuremds. The systematic masependent relationship betwe€®/1%0 and®0/°0
in geothermal fluids and minerals reported here promises to provide a variety of useful
applications ranging from ore potential and geothermal exploration to studies of
ophiolites, paleoclimate proxies, and tracking recycling of isotopic compositioasgth
main terrestrial reservoirs.

1.1 Hydrogen and oxygen isotope studies of hydrothermal systems

In areas of extensive magmatism hydrothermal systems are charged with fluids
from local sources that move through the crust via convective groundwatearftbreact

with the host rocks at high temperature (Norton, 1984; Hayba and Ingebrigtsen, 1997;
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Criss and Taylor, 1986; Manning and Ingebritsen, 1999). Due tetéigperature
isotope exchange between fluid and rock, alteration minerals haaed-HOisotope
signatures similar to those of the fluids. The ratios of hydrogen and oxygen isotopes, D/H
and®0/0, are widely used to investigate fluid sources, temperature of-reater
interaction and processes that occur in hydrothermal systems such as sxtbpioge,
boiling, and mixing of various fluid reservoirs (Ohmoto and Rye, 1974; Taylor, 1974;
Gregory and Taylor, 1981).

In fossilized hydrothermal system, where fluids are no longer present,
me a s ur e mM¥®alues icbexisting mineral pairs, com& d wi t h 0D
measurements of hydrous minerals and fluid inclusion studies, are used for isotopic
equilibrium calculations involving minerahineral and mineralvater calibrations.
Combined Hand Gisotope measurements can fingerprint isotopic composifiontial
fluids (e.g. Taylor, 1974, 1977; Ohmoto and Rye, 1974; Truesdell and Hulston, 1980;
Dilles et al ., 1992; Giggenbach, 1992; Pope
hydrous minerals rarely reflect equilibrium with the origih@h-tempeature
hydrothermal fluidg250-400 °C)due to subsequent retrogressive exchange at lower
temperature (< 100 °C), hydration and weathering (Kyser and Kerrich, 1991; Graham,
1981). Thus, the source of fluids in ancient hydrothermal systems cannot necessarily
det er mi n%dneaburements @lone without making assumptions about the
isotopic composition of fluids or equilibrium temperature. Moreover, the isotopic
composition of initial fluids can be significantly overprinted due to fieghperature
exchamge with rocks, varying temperature of alteration, contribution of steam and brine,
and addition of magmatic fluids.

Introducing a new isotopic parametéd/*®O, measured simultaneously with
180/1%0, in a single sample enables a new ability to constnaiisbtopic signature of
initial fluids. The unique and systematic relationship between triple oxygen isotopic
compositions of meteoric waters, seawater and rocks (Luz and Barkan, 2010; Pack and
Herwartz, 2014; Sharp et al., 2018) along with recently ikl equilibrium
fractionations (Sharp et al., 2016; Wostrbrock et al., 2018) provide a promising basis to
track temperature and-Os ot opi ¢ signature of f Qi d at the
UD syst e n¥ti’® systematicseof higdrotherimainerals can identify
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processes that affect isotopic composition of the fluid phase, such as boiling, mixing of
distinct fluids and isotopic exchange with rocks. The advantage of triple oxygen over

c omb i n e d¥Qinzasarententdis that triple oxygsotope analyses are obtained
concurrently from analyses samegrains.

I n this study B¥@el0 relatienship in fuads amd niinerals
from active hightemperature (26@00 °C) hydrothermal systems at Reykjanes and
Krafla located in solwest and north Iceland, respectively, and at an exposed
subvolcanic section in the extinct 6 Ma (Miocene) Geitafell central volcano in southeast
Iceland (Fig. 1). These systems serve here as natural laboratories, where distinct fluids
with previously detamined isotopic compositions are reacting with mad#eved rocks
at known temperatures. Using the previous analyses of local precipitation and
groundwater recharge sources (Fig. 2) and measurements of fluid pressure and
temperature in the geothermalived , we are abl e t9%Ovaeest t he ap
under welldefined conditions. We used drill cuttings of quartz and epidote from known
depths at Reykjanes and Krafla where temperature in the boiling systems can be
determined at specified depthiindhe boiling poirtwater depth curve. Quartz and
epidote were targeted because theibcourrence, especially in veins and vesicles, is
indicative of hydrothermal alteration at temperatures above 250 °C (Bird and Speiler,
2004), and they preserve oxygeatopic composition well below the formation
temperature (e.g. Fortier and Giletti, 1989). We also used samples of well fluids from
Reykjanes that are dominated by seawater that underwent boiling at depth and isotope
exchange with rocks, and from Kraflahere meteoric water boils close to the surface

after reaction with rocks at depth.
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Figure 1. (A) Locations of the geothermal systems of Iceland studied here. The
Reykjanes and Krafla systems are currently active, while the 6 Ma Geitafell extinct
volcarp hosts a fossilized hydrothermal system eroded to the depth of about 2 km
(Fridleifsson, 1983). (B) The temperature of alteration for Reykjanes and Krafla systems
can be approximated by the boiling point of water at depth. The temperatures are
consistentvith characteristic alteration mineral zones from top to bottom: smectite,
chlorite, epidote and amphibole. The depth of collected samples is shown with horizontal
bands. (C) General pattern of alteration at the Geitafell subvolcanic system. The gabbro
intrusion is surrounded by a concentric pattern of alteration zones (Fridleifsson, 1983;
Thorlacius, 1991) similar to the ones observed in the downward profiles recovered from
drill holes in the modern hydrothermal systems. The average homogenization
temperatre (Th, °C) of fluid inclusions measured in quartz veins surrounding the
intrusion is shown with blue diamonds (after Troyer et al., 2007). These values were used
as an approximate estimate of temperature of quaater equilibrium for corresponding
sampes (GER16 and GER34 in Table 1).
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Measurements from the 6 Ma Geitafell system are used here to validate our
findings in the active hydrothermal systems. We test the ability to reconstruct the triple
using ®¥oanchbi ned U

2014). The

rocks of t he

oxygen isotope values of ancient meteoric water simitarty
uD

i sotope

zonin
Gei t

values (see Pope et al .,

ratios in the host
formed in response to temperature gradientcaredilation of meteoric water around the
cooling intrusion (Taylor and Forester 1979). This study is also a next logical step in
validating previous triple oxygen isotope investigations of ancient hydrothermally altered
rocks (Herwartz et al., 2015; Zakbaret al., 2017; Zakharov and Bindeman, 2019).

Those investigations applied the triple oxygen isotope approach to resolve ancient
environment conditions using lithologies that experienced aqueous alteration billions of
years ago. Since the triple oxygeattgic composition of higltemperature minerals is

not easily reset, even during regional metamorphism, the current paper provides basis for

validating the findings in those previous studies.
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Figure 2.Co mp i | e d®Qidata farnvell fluids and epidies at the Reykjanes,
Krafla and Geitafell systems. The data gathered from Pope et al. (2011; 2014; small
symbols) and multiple measurements from this study (large symbols). The Reykjanes

fluids are der % eadnd riobn = et wahtefdca( i mi nor am
met eoric Noeof-@rawikKmafila fluids are derived f
i0of-13 & an@80liB.oGeitafell epidoté®Oofndicate

about-8 a. Composi t rooeararidge basatt (MORB) fepratsindial
unaltered rock. Figure adapted from Pope et al. (2014).



1.20%Q a n'tD defildjiors

Massdependent fractionation of triple oxygen isotopes between entities A and B
obeys the relationship (Urey, 1947):

a g | —a g 1),
where!” 8, g are the ratios ofO/f0 or®0/%0 in A to that in B. The
triple isotope exponent, is a temperatdependent variable ranging between 0.5 and

0.5305 for equilibrium and kinetic processes (Matsuhisa et al., 1978; Cadua2®11).

Since the relationship betwetitd afdd i s exponential, we adopt |
notation expressed through natur al |l ogar it hn
2002):

Ted pmmEp — ),
wherexis either 17 06 8 . *Dlvadue i Eq. 2 is the conventionally defined delta
notation:

10 pmm-AE—— p (3),

where VSMOW (Vienna Standard Mean Oceanic Water) represents a standard with
isotopic ratios close to that of seawatédsing the linearized notations for triple oxygen
i sotope fractionation, the dYOid@¥fQue can be ex

coordinates:

/I (4),
where A and B are two substances in equilibrion eikample quartz and water, quartz
and epidote. When measuring fractionations in triple oxygen isotope system, instead of
using the®OsiiPpevoirni mbjtes, it T@nomtmme il |l ust
often termed’O-excess. Deviations @f*k)-U R fractionations from a reference line
are then e¥Opressed as N;j
wel 170 _Jeel (5).
Following definitions in previous studies of silicate rocks (Pack and Herwartz, 2014; Bao

et al., 2016; Pack et al., 2016), in the Eq. 5 we use the reference line with the slope of
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areference= 0.5305, which is the high temperature limit for the triplegetyisotope
fractionation (see Matsuhisa et al., 1978).
1.3 Isotopic signals in hydrothermal systems
The D, a i@ vatpes of fluids and rocks in hydrothermal systems are
distinctive owing to evaporation and condensation that surface waters anSirce
VSMOW is used as a st an'a radt’ar atghre¢ vialees def i ni t i
are equal to O a@ in modern seawater. I n the
and oxygen isotopes are related through the equation also known astdergteoric
water line (Craig, 1961):
T Oyl O pm (6).
Likewise, theli'lfv al ue i n the gl obal met¥oothraugh water |
the equation (Luz and Barkan, 2010):
1@l mMq¢Y 0 mhoo (7).
Combined with Eq. (b triple oxygen isotope meteoric water line in coordinates specific
for this reference line (0.5305) can be expressed thrqitdD:
wee U Mingiy 0 T8ioo (8).
The local Icelandic evaporation and precipitation likely causes local fractionation
effects in meteoric water slightly diverging from the global meteoric water line. However
these effects are relatively small compared to the processes that occur within
hydrothermal systems, such as isotopic exchange with rocks at high temperature. Thus,
we justify using the global meteoric water line (Figure 2) for the approximate isotopic
composition of the local precipitation at the localities studied here.
In each of tle three localities, wateock interaction involved distinctly different
reservoirs of surface watersneteoric water and seawatereacting with basaltic rocks
that have relatively uniform +Hand Oisotopic composition (Hattori and Muehlenbachs,
1982; Hler, 2001). The triple oxygen isotopic compositions of these reservoirs differ due

to small but systematic madependent variations in fractionation'd®/*°0 relative to

¥off0.Mantl e rocks'@awal megatawvegi npg bet ween 10,
(Herwartz and Pack, 2DvhldesofP@chk 20 al (Kygeénea
O6Neil, 1984; Di xon et al., 2017). The effec

fluids at high tempée®aa d®eaubsobtikduidsamdtos hi ft s i
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a |l esser extent, in their uUD values. We show
effect on equilibrium quartz and epidote (Fig. 3). In addition, liyaidor separation and
mixing between seawater and meteoric water affects the statupicscomposition of
the fluids and minerals (Fig. 3).

The Reykjanes, Krafla, and Geitafell syst
0 compositions of the hydrothermal fluids, local fluid sources and alteration minerals
(Fig. 2; Olafsson and Riley, 1978yeinbjornsdottir et al., 1986; Darling and
Armannsson, 1989; Pope et al., 2014; Pope et al., 2016). Reykjanes is a seawater
domi nated hydrother mal system whe®¥® fluids h
close to those of seawater, with averagevalde 7 1. 1 a and the 0D of a
reflecting a contribution from steam and a small addition of local meteoric water
(Olafsson and Riley, 1978; Pope et al., 2009). At Krafla, the metderieed fluids have
%0 values close to those of local precipitatn, r angi ng bet ween 113 a
uUD values between 1T94 and 187 a (Darling and
Geitafell has a mulphase intrusion of gabbro and a sev&it@meter radius areole of
hydrothermally altered tholeiitic lavas (Bleifsson, 1983) where Pope et al. (2014)
me a s ur e d?®limepidote dnd determined that hydrothermal fluids were derived
from meteor @ oMatebrowti tth8 GN 1 & and UD of ab
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Figure 3. Systematics of wateanck interactiorbetween meteoric water and rodean

ridge basalt (MORB) for the three stable isotope parameters plotted in coordinates:
convent-itfon & AJOI UONB) andg?’O-iD (C). The processes
exchange (solid black line), boiling (blsgaight lines) and equilibrium fractionation of

guartz (light blue curves) and epidote (green curves) atlQ0C0C are depicted for
interaction between unaltered MORMB aind pri st
(on the global meteoric water lin€raig, 1961; Luz and Barkan, 2010). Tick marks on

the solid black line and numbers next it indicates watek ratios (W/R) of isotope

exchange reactions. Quasater equilibrium at 20400 °C is after (Sharp et al., 2016).
Epidotewater fractionation fenot been calibrated for triple oxygen isotopestbeduld

be approxi mated by t he v avaterequikbfiuoet leight o t he d
temperature

2.0Methods
2.1 Oxygen isotope measurements
All stable isotope analyses of solids were ealout at the University of Oregon
Stable Isotope Lab. For oxygen isotope analyses we used quartz and epidote from all
three localities, volcanic glasses from Krafla well IDDRNnd surface exposures (sample
KRF14), and one garnet sample from Geitafell.s&mples were examined with a stereo
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microscope for inclusions of other minerals prior to analysis. Small sample? 1fig)
were placed in a vacuum chamber andtpeated with Brsovernight to remove the
absorbed moisture and reactive compouits.oxgen was liberated from the samples
by heating them with a CQaser in presence of BsfExtracted oxygen was transported
in a stainless steel-#ach tube vacuum line, and traces of remaining reagent and other
fluorine-containing byproducts were removegdryogenic traps and reaction with Hg
vapor in a mercury diffusion pump. After the purification, oxygen gas was trapped on a
5A molecular sieve by cooling to liquid nitrogen temperature. Subsequently released, the
gas was carried though a @6lumn by Heflow at the rate 30mL/minute and room
temperature. After about 3 minutes of elution time, oxygen gas was trapped on a 5A
molecular sieve immersed in liquid nitrogen. The gas was further trapped on another,
smaller volume 5A molecular sieve immersed inilicuitrogen and introduced into a
MAT 253 gassource isotopeatio mass spectrometer at-60 °C. Each measurement
consisted of at least 24 cycles of sam@ierence gas comparisons with intermittent
equilibration of pressure in the bellows of the magsgpmeter. A subset of samples
collected from the Geitafell extinct volcano was analyzed®of®0 ratio only via Q -
CO: conversion for a more rapid analysis as described previously (e.g. Bindeman et al.,
2014).
The measurements of well fluids wereread out at the IPM, Okayama
University, Japan using fluorination line with a-iiactor tube. A few microliters of fluid
samples were injected into the reactor and fluorinated usingaB&50 °C to liberate O
gas. The rest of the procedure is simitaanalysis of @gas liberated from fluorination
of silicates. The complete description of the procedure can be found in Tanaka and
Nakamur a (2® 1a3d)0.valiEsweere Galibrated by the VSMOYSR2AP2
scal e using XOwewVSMOW2 0 {védw2lanod N 0. 070, N =
2SD) and “®¥GidwP=25 5 .0283 N "Ovssddz6-2%57@20 0.141, N =
3, 2SD) values measuti®@ da rd® vajulg of siicltésweres t udy . T
adjusted to the VSMOWS3LAP2calibraed composition of San Carlos Olivine (SCO)
analyzed within each session. As reported previously (Pack et al., 2016), the SCO values
ar é0uN] 5. 1460 &= amn@. @NP &. Our raw values alo
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measurements are reported in Takilgsee AppendiXd). The average raw

measurements of SCO (n=9)OareT ON08ONS. B1624dNR

We al so M@ wlsiesim situdn aiguartz crystal extracted from the Krafla
well KJ36 at depth of 744 m using ion microprobe. First, a polished settoprartz was

imaged using a FEI Quanta field emission gun scanning electron microscope equipped with

a cathodoluminescence (CL) graysc® wasdetecto

analyzed from lQum-diameter spots using a secondary ion masstrgpeeter (SIMS)
CAMECA IMS-1280 at the WiscSIMS lab, University of Wisconsin. A polished grain of
UWQ-1 qua®otz (#.33 &) was mounted with the

S a

standard. The precision duri ngardehr@s).anal yses

2.2 Hydrogenisotope measurements

Hydrogen isotopes were analyzed using a high temperature thermal conversion
elemental analyzer (TC/EA) that is connected to the MAT 253 at the University of
Oregon, using a continuous flow mode where gases $amples and standards are
transported in He carrier gas. Each solid sample and standard were wrapped in a silver
foil capsule and dried in a vacuum oven overnight, then transported to the auto sampler
where they were purged with He carriergas. Inthe EEA6s f urnace | i ned
carbon column, samples experienced pyrolysis at 1450 °C, and all ofGhia khe
minerals was pyrolized todéand CO gas. Extracted gas carried by He into a gas
chromatograph wherezts resolved from CO, which was disdad. The CONFLOIII
device was used to lower the sample pressure to atmospheric, suitable for introduction
into the MS, which also meters pulses of monitoring gas. Mica standards, USGS57 and
USGS58 (UuD = 191 and 128 a, nadyscplsesstonto el y)
monitor the accuracy of analysis. The 0D
the same TC/EA set up through multiple injections directly into the glassy carbon
column.

2.3 Equilibrium fractionation calculations

We used thealibrations by Sharp et al., (2016) and Wostbrock et al., (2018) to

d er i v ¥O valhes of éqghijibrium fluids using measurements of quartz:
8 8 8 8

70 170 9),
and 'todf eqaiibriumfluids:
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(10),
where T is equilibrium temperature in Kelvins. At 2800 °C, fractionation is such that
U *fQquartzT U FQwatera N d’Ogiarz 0 Onateris about +49 & and 10. 04 to T10.0
respectively. At this temperature range, for most other secondary miner&d/fe
fractionation is smaller,ranging-2 a di fference between miner al
Zheng, 1993). Thus, epidote and gasiét o u | d*¥Ch aaviED vadius similar to
those of equilibrium wa’© factioratonfgrepiddtd¢ . The app
water could be derived from Eq. 10 by substitution of the first term with the incremental
calibration of*¥0/*%0 ratio givenby Zheng, 1993:

w U w 0

8 8

& w (11).

The second term in Eq. 11 is borrowed from quesdter fractionation (Eq. 10) and is

likely a valid approximation at high temperature. Imggel, in the temperature range of

2504 0 0 A CHOnmiderdwarfragtidpation is very similar across different mineral

Sspecies because the d val ue-teifhemtare Eq. 1) appr
fractionation limit (Matsuhisa et al., 1978; Bacakt 2016; Hayles et al., 2018).

To provide an additional estimate of the temperature of alteration in the Geitafell
fossilized hydrothermal system, we used the empirical calibration for epidate
equilibrium fractionation given in Matthews (1994):

pTTH| 170 70

¢ T UL @i Y (12),
where Xpsis mole proportion of pistacite in epidote, calculated as the proportion of iron
in formula coefficient units, F&(Al+Fe*"). We used the gsvalue of 0.2, which is an
average value based on previous measurements for Krafla and Reykjanes epidotes (see
Sveinbjornsdottir, 1991).
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Figure 4. Triple oxygen isotope values of minerals (A) and fluids (B) from Reykjanes. A

T Values plotted for quartz and epidote from Reykjanes, and from modern oceanic crust
as sampled by the drill hole ODP 504B in east Pacific Ocean (shown for comparison;
Zakharovand Bindeman, 2019). The apparent fractionation of triple oxygen isotopes
between quartz and epidote at Reykjanes is shown with grey line and 95% confidence
intervals (dashed). Quartzater equilibrium (Sharp et al., 2016) is shown with the blue
curve. Epdote-water equilibrium fractionation at 200 and 300 °C is shown with green
arrows (Zheng, 1993). BValues plotted for estimated equilibrium fluids computed from
guartzwater fractionation (Eq. 10) and well fluids measured directly. For both Reykjanes
and modern oceanic crust, seawater, shown as VSMOW, is the dominant fluid involved
in alteration of midocean ridge basalts (MORB). The seawater exchanged with rocks at
high temperatur ¢%0banodmbk §Wasishpwnavithgiidjeolidi Nj
blackline. Mixing line with local meteoric water at Reykjanes is shown as a dashed curve
with percent fraction of local meteoric water. Contribution of vapor phase is shown with
an arrow. Based on quaitzater equilibrium calculations, ancient fluids of Reyiga are

~1 a@ | ower than modern day fluids, which
mel t wat e rrfO valuarhuchhoaver thanMjodern meteoric water.
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Figure 5.T h e®Oii ¢fNp values of minerals (A and C) and fluids (measured and
computed; Band D) from Krafla and Geitafell systems. The apparent fractionation of
triple oxygen isotopes between quartz and epidote is shown with grey line and 95%

confidence intervals (dashed). THe vertical
values of locafluid sources. The well fluids at Krafla system originated from exchange
with rocks and liquiedv apor separati on, whifhalueswittr ef | ect e

NP similar to those computed from quawiater equilibrium. The estimated

equilibrium fluds were computed using the boiling point of water at collection depth and

the 4 samples of quartz collected at shallow depth (<1000m) at Krafla systems were used

to calculate equilibrium fluids at the temperature of local thermocline, ~ 200 °G (grey

filled symbols). The fluids at the 6 Ma Geitafell likely originated from meteoric water

wi t RO valugj of-8+1. They represent isotopically exchanged Miocene meteoric water

that originated by e¥®psolriagthitolny ol fo wseera wahtaenr Ow
smaller amount of continental ice compared to modern.
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The Reykjanesvell fluids are best explained by small contribution of local meteoric

water, subsurface boiling (>100 °C) and isotopic exchange with rocks. Krafla fluids
represent residual |l i guid fraction after st
values compad to the exchange trendiBhegg‘Oand UD values of epid
shown as boxes (compiled data from here and Pope et al., 2014). At Geitafell these values
are consistent with th¥Oaof-Bcanpnstwbhctedemedebe
Reykjanes |likely ré0oanddcobDtPli busi onené Wwatwe
discussion Pope et al., 2009). Krafla epidotes reflect equilibrium fluids close to pristine

local meteoric water.

e
C
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3.0 RESULTS

3.
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mi nerals and wel

Krafla and mineral separates fromitaéell are reported in Table Quartz, epidote,

measured well fluids and estimated equilibrium fluids are graphically presented in

Figures 5 and 6.

Table 1. Hydrogen and triple oxygen isotope measurements of minerals and fluids from
Reykjanes, Krafla and Geitafell systems

Drill Depth, Material i, SE ND, SE iD, SE H0,
hole/sample m a wt. %
Reykjanes
RN12 1070 epidote 0.932 0.002 0.006 0.006
RN12 1070 epidote 1.676 0.004 -0.027 0.007
RN12 1070 quartz 5.582 0.004 -0.037 0.010
RN12 1070 quartz 5.793 0.004 -0.043 0.013
RN17B 2645 epidote 0.760 0.003 -0.034 0.006 -645 4 2.0
RN17B 2645 epidote 0.342 0.004 -0.014 0.010
RN17B 2320 epidote 0.706 0.003 -0.023 0.007
RN10 well fluids 1.141 0.001 -0.028 0.002 -21.7 1.9
RN12 well fluids -0.200 0.001 -0.016 0.002 -209 1.6
RN12 well fluids -0.125 0.001 -0.015 0.002 -209 16
RN25 well fluids 0.818 0.001 -0.017 0.002 -224 21
Krafla
K06 1730 epidote -13.482 0.006 0.048 0.014
K06 1868 epidote -13.732 0.003 0.067 0.009
K36 744 quartz -2.091 0.012 0.012 0.012
K36 744 quartz -1.482 0.008 0.021 0.008
K36 744 quartz -1.910 0.009 -0.003 0.009
IDDP-1 1220 quartz -5.048 0.004 -0.020 0.008
IDDP-1 1220 quartz -3.759 0.003 -0.013 0.007
IDDP-1 1220 epidote -10.777 0.003 0.021 0.008
K26 1020 quartz -7.281 0.004 0.008 0.007
K21 550 quartz -5.591 0.004 0.015 0.007
IDDP-01 well fluids -7.903 0.001 0.027 0.002 -76.4 2.0
KJ36 well fluids -8.507 0.001 0.035 0.002 -804 20
Klafla pool powerplant -5.898 0.001 0.023 0.002 -76.6 2.1
discharge
Geitafell
GER 5 epidote -5.234 0.005 0.018 0.011 -87.9 4 2.5
GER 5 quartz 2.073 0.003 -0.026  0.007
GER1 garnet -5.737 0.004 0.043 0.010
GTF 25 epidote -5.517 0.004 0.044 0.010 -959 4 2.3
GTF 25 quartz 2.219 0.004 -0.004 0.009
GTF28 epidote -6.500 0.004 0.035 0.009 -725 4 1.7
GER16* quartz -2.284 0.003  0.003 0.008
GER16* quartz -1.011 0.004 -0.010 0.008
GER34** quartz 1.978 0.004 -0.019 o0.007
GER34** quartz 1.451 0.003 0.015 0.007
The U DBOaalubs ofi Rgykjanes well fluids range witkhl1 N1 & and
+0.5N1 a, respectively, and are in agreement
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allowing us to reliably interpret the ney*’'Od a t a . '*’Olvhlees apReykjanes well

fluids range betwen-0.03and0 . 02 a, i n gener al-dommpatele ment wi
origin of the fluids. The thr ee®rbet@mesnur e ment s
-8and-6a, are several a4 highetfO%-hanad) hei hoeal he
represent the remaining liquid of the fluids that underwent boiling and Sigaich

separation in the near surface environment (Armannsson et al., 2014; Pope et al., 2016).

One sampl e has %Owalaeroft5i. Qulaar ITyhitsi gha mpNje ( Kr af
Table 1) represents the power plant discharge at Krafla. Despite being the remaining

l' i quid, the Krafl a Ovaliesiofabdutat0.62 . Di3s tdi, n csti Imy | kil
to that of meteoric waters (Luz and Barkan, 2010).

Our epidote measurementsé m al | t hree | d°wluést i es have
consistent with previous reports (Pope et al., 2014), which allows us to validate our triple
oxygen isotope approach to trace dand ds i n f
9’0 values of Reykja@s epidotes are close to seawater values, varying between 0 and 1
d&, an.do4 and +0.01 & respectivel y®gFig. 4).
value, betweenl4and11 &, an® wmabbeeNof +GmBr2o and +0.0
the values of meteoriwat er (Luz and Barkan, Poova®y. Geit e
between7and-5 &, YdvapNjes bet ween +0.01 and +0. 0F
are consistent with equilibrium fractionation at the temperature range between 250 and
400 °Cbeingabdlb-9 & higher than the wellOlvalued ui ds and
areabout0.0® . 05 a | ower than the respective fluid
measurements constrain apparent fractionation between quartz and epidote in triple
oxygen isotope systemtenated as shown in the Eq. 4. The mean and standard error of
t he s |l doordinétddjis 0.526 + 0.001 and shown for each locality along
with the 95 % confidence intervals (Fig. 4 and 5).

3.2Computed equilibrium fluids

Using the boilingpointd e pt h t o est i mafOwaluescomper at ur e,
equilibrium fluids were computed based on quartz measurements and the Eqg. 9 and 10
(Sharp et al., 2016; Wos t®andqgl’®@vaeasaral ., 2018)
displayed in Figures 4 and At Reykjanes, equilibrium fluids are abodt a , | ower t ha
the moder n W Wwiththég''Ovaldes aroundd i Mj3 &. At Krafl a,
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equilibriufOfvali Wwess haevteWaiéin (Pbpeard al ., 201
range ing*’‘O betweenO0mad +0. 06 &. Equilibriu¥®O fluids at
bet ween T7T9 and?03val uasndbataweenp 0 and +0. 03
systems we studied here, very few measured quartz compositions returned values of
pristine seawater or meteoric water.
3.3 Error analysis
The un c e r andgfOyaluesfof eduiiprium fluids as estimated by
propagating the uncertainties in fractionation factors and the analytical errors through the
equations 7 and 8. We used the average values of analytical standard errors (SE): 0.005
a f d% &aNd 0. @I00Théundertainty of +30C was used as the largest
possible error on the temperature estimate given by the variations in the well log
measurements. The resulting propagated uncer
f orfO udNpd 0. @101(1SE) It fs warth mentioninghat the equilibrium
fractionation ofcg!’O values between water and quartz at temperature is not resolvable in
therange354 00 AC due to analytical uncertainty o
3. 4 | O neasuremenits of Krafla quartz
The cathodoluminescence (CL)ireag and t he h®%waluesogeneous U
measuredh situin a quartz crystal from Krafla are shown on Fig. 7A. Thepattern
reveals features indicative of precipitation at different temperature manifested by
di fferent br i ghfOnvauesmagutedngitudedreage outviatise theli
core of the crystal has values between and 0O a, whil e th& outer mo
a (Fig. 7B). We show the effect of decreasin
triple oxygen isotope composition of equiliom quartz in Figure 7B.
35Di st r i bQvalees at the Geitafd]l system
In addition to the triple oxygen isotope measurements, we present the spatial
di st r i b®otvaluesmeastirediinNjuartz and epidote separates from Geitafell. The
values are reported in Tat#2 (see Appendix A) T HB@yuarit WjfQepidorevalues
range between 5 and 10 a, approaching the mi
intrusion (Fig 8). This range of fractionation is consistent with the temperature of
alteration between 200 and 450 °C computed from Eq. 12. In addition, we provide one

datum based on pyroxemeagnetite pair from the gabbro intrusion. The fractionation
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between igneousi n e r BObySenel UdfQagneite= 2. 6 &, corresponds t

temperature of 890 °C using calibration from (Valley et al., 2003).

computed
equilibrium fluids (+2SE)

= 0.041
o 2
E true qu|I|br|um
) fluids
= quartz-water equil.
58 0.001
v 150°C
O
“a ]
-0.04{ 3
&
g r MORB
=15 =10 =5 0 5 10

5180, %o VSMOW

Figure 7. A1 Cathodoluminescent image of quartz (grey) from Krafla collected at depth

of 744mand analyzdsly S| MS f or o x y'%eaues(hovninphite. The U
vary from -@ danplying atarperaiure increase from 190 to 270f&
constant val ue o0 =elq3u iidassbmedBii Whe éffecidf d s ( U Nj
temperature increase asinultaneous isotope exchange between fluids and MORB that
causes shifts along the black curve. The two blue concave down curves indicate
equilibrium fractionation between quartz and two shifted fluid compositions (filled
triangles) with tick marks showinguartz at 300 and 150 °C. The bulk measurement of
such quart z ®BOrvgluedohdrosiner edt ugsi’@ shluds analytically
indistinguishable from the mixed compositions shown as the grey area. Reconstructed
equilibrium fluids at 200 °C are shown with open triangles.

4.0 Discussion

Our measurements of minerals and fluids are quite consistent with tipeicties
fluid sources, confirming thap'’O measurements provide useful constraints for tracking
waterrock interaction. First of all, our results validate previous studies of ancient
hydrothermal systems that have implications for the paleoenvironnoemiditions of the
Proterozoic (e.g. Herwartz et al., 2015; Zakharov et al., 2017; Zakharov and Bindeman,
2019). Thus, triple oxygen isotope measurements of submarine hydrothermally altered
rocks can be applied to reconstructing the isotopic compositiseasfater over the
course of geologic history, while continental hydrothermally altered rocks can serve as a
pal eoclimate proxy gfOiremetemitwaterragd meéam prauald e nce o
temperature (Dansgaard, 1964). In addition, below we consigetriple oxygen isotope
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measurements of fluids and minerals can be used to constrain the nature of isotopic shifts
owing to boiling, and isotopic exchange, and temperature of mineral alteration based on
calibrated thermometers. Following that we considemrmacroscopic and microscopic
set of observations that capture thermal evolution of hydrothermal systems based on
oxygen isotopes that may affect interpretations of mineral data. Lastly, we suggest that
the processes of crustal assimilation of hydrotladignaltered rocks by mantiéerived
magmas can be constrained from the triple oxygen isotope mass balance due to
distinction ofd!’O values of the enchembers.
4.1 'O values of well fluids
The distinctly different slopes in the triple oxygen isotope space (see Fig. 3) allow
us to interpret the origin of fluids in a new dimension. We measptéd in well fluids
to capture possible isotopic shifts occurring in modern hydrothermal systeresdhée
us to establish a basis for understanding fossilized systems. The extent of negative shift in
'O is similar to the shift previously noted in reconstructed fluids from modern
subseafloor rocks that were altered at-360 °C (Fig. 4B; Zakharovra Bindeman,
2019). The isotopic exchange with unaltered masieved rocks produces negative
shiftt® andoppjosi tt*Oveakhest swhinl &Nt he GD value
to limited availability of hydrogen in igneous rocks. In all thregtems we measured
NP shifts that range betweedl0Oland0 . 03 & and about +80..5 to +2
Thus, wateirock interaction produces hydrothermal fluids that evolve along the slope of
0.5160 . 5 1 670-ui'f) spPady. This is similar to thetemate provided by Sengupta
and Pack (2018) for the input of hydrothermal alteration in the hydrosphere. In the
seawated o mi nat ed Rey k% ofevell flsdy are ckose to those ef U Nj
seawater, i.e. 0 abun¥®.MDAG 4&n)i (t AT %edlues ae,Nj
however, not quite as high as in seawalenived fluids (+0.2 a; Shanks, 2001)
together with -2tea),ow tiDhivmatlueast (participat.
measured fluidsArnorsson, 1978Pope et al., 2A). Together, the hydrogen and triple
oxygen isotopic values of these fluids reflect a combination of isotope exchange with
rocks at high temperature and about200% involvement of local meteoric water (see
Fig. 6). YOualuesslightlylbbelodcpNj, are interpreted as t|
isotopic exchange with rocks at high temperature (Fig. 4). Using the triple oxygen isotope
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approach, we estimate the effective wdterock mass ratios (W/R) between 0.1 and 1,
assuming that ®OmidtliomdFl falnudi d+sO .hOald &i Njespect i v
Finally, some contribution of ®temdn D the W
values that are shifted negatively from the trajectories of exchange with MORB (Fig. 4

and 6).
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Figure8.Spat i al di tvaliebinegidote(A) andduarté(Bjfrom the host

rocks of the Geitafell intrusion shown in the map view. The equilibrium temperatures
computed from mineral pair measurements extracted from the same sample are shown in
(C). T h et®owalljes plotted as a function of distance from the intrusion contact shown
in panel ( D)¥0guaBegidseEadtionation, théntempératijire around the

intrusion is >325 °C near the contact and 190 °C away from it. The data is cofrgied

Pope et al., 2014 and this study (shown as dotted symbols in D). The isotopic equilibrium
is consistent with the mineralogical pattern of alteration (Fridliefsson, 1983) and the fluid
inclusion data (Troyer et al., 2007).
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Boiling that occurs in shiaw hydrothermal systems should follow a slope similar
to meteoric wWaitoeNpsdadedu eduilibrium fractiotiatign between
vapor a nvhorigidE 0.229; dee Eqdl). This value was constrained from low
temperature experimenfs 50 °C; Barkan and Luz, 2005) and is likely higher, closer to
0.5305, for boiling waté® anddePtwnhal ddassgf bfo

accordance with liquidapor equilibrium fractionation (Horita and Weselowski, 1994),

causingonlyma | | v ar it’@.tAs am example,rthe geljfluids at Krafla are
derived from | od®@kE-1me tdd o rainad vaateeresmr(iicMied i n
of oxygen so that theirvalueclose® a due to boiling and steam

occurs nearhe surface (Pope et al., 2016). Essentially, these samples were shifted
parallel to the meteoric walfOeftheseifluide fr om t he
were | ikely shifted only about 0.005 & (Fig.
vaues of oxygen i Su@dpep0b29f(Baraan and bur, 200%) and , d
10000 cl ose to 5 & (Hor it &0 ef remainiwelisuedl o ws kK i
computed as Ruid = Rou*(1-fY/1-f, corresponds to about D % of original fuid that
had®obfdjoundl 0 a8 due to isotopic exchange with
fluids, thegd?’Ov al ues of projected unseparated fluid
with respect to the meteoric water line (Fig. 6), which we interpnetstalt from isotope
exchange with rocks, which is supported by previous measurements of unseparated
geothermal fluids at KraflaAfmannssoret al ., 201 4; Pope et al .,
clarify the effect of boiling and separation of steam from theaneimg liquid likely
occurred between 100 and 200 AC (see Fig. 6)
measured fluids and their triple oxygen isotope values, the isotopic shifts measured in
Krafla well fluids correspond to W/R ratio of abouR1We thus coclude, that theg!’O
values of Krafla fluid samples are less affected by the isotope exchange than the
Reykjanes fluids, however carry a strong signature of boiling. Our measurements show
that combined hydrogen and triple oxygen isotope values of well fluids present a
powerfd way to constrain subsurface processes that occur in a hydrothermal system and
could be applicable for geothermal exploration.

42Mi ner al r’© m tuidslat defth o N;
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The measured*’O values of minerals are reflective of fluids that were preaent
depth in the past, which for the most part are similar to the mat#grgeothermal fluids
(Sveinbjornsdottir et al., 1986$upporting thisarepei d ot es YOh aatri®@h alv e
values close to the modeday sources of fluids owing to small equilion fractionation
at high temperature (30 Chpigotewaterd -10 &; Zheng, 1993). Epidot e
and Geitafell, fall nearly on the meteoric water line, while at Reykjanes, epidote
compositions are very similar to seawater and to well fluidsil&iy) one sample of
garnet from the Geitafell system has triple oxygen isotopic composition close to that of
met eoric water . [T oofimnerasxwphesmall gadtionattomveotld t h e
be close to that of f temperdtgres (Haylesetal.ywOi8)hi n 0. 01
This small range, NO.O1a, is at the limit of
errors), thus precluding meaningful determination of the reason for small variations in the
¥t’O of epidotes. Neverthelessjedot es provi de f t@ist order est
equilibrium fluids and they reveal reaction with rocks in instances where the fluids were
shifted, as were epidotes from modern oceanic crust recovered by Hole ODP 504B (Fig.
4).

The triple oxygen isotopeatibrations by Cao and Liu (2011), Sharp et al. (2016)
and Wostbrock et al. (2018) provide a promising basis for use of quartz for temperature
estimation and as a tracer fluid isotopic composition, especially where measurements
from other minerals with smal ’Ogaljswaterfractionation are obtained. We however
find that few samples of quartz actually plot on the curve of equilibrium fractionation
with local fluid sources. Most of the quartz measurements plot below equilibrium
fractionation with the coposition of unmodified meteoric water or seawater, suggesting
that fluids underwent isotopic exchange with rocks (Fig. 4 and 5). In addition tatthat,
Reykjanes, quartz equilibrium fluids are | ow
modernday wellf | ui ds . |l nvol vement of anci®nt meteor
values would explain these values, as suggested by Sveinbjornsdottir et al. (1986) and
Pope et al. (2014; Fig. 4). At¥Owaluedf | a, most
bet weemd 11510 '"'® bhetdween +0.01 and +0.05 a, wl
modern meteoric water (Fig. 5). The negative shifts irgth®© of equilibrium fluids

compared to meteoric water likely result from isotope exchange with rocks at high
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temperature. The o mput ed f | ui d'% values théatroeeflap aith baahv €  PN;j
other at 95 % confidence | eXOehlue§ofl25 s& andar d
are puzzling. We interpret this could be a combined effect of isotopic exchange between

rocks and fluds in addition to high input of separated steam rising up from the depth,

whi ch wo 4% dalués dowes thain Nje modeday fluids (Fig. 6). In addition, the

applied mineralvater calibration might yield inaccurate equilibrium fluids due to-non

isothermal growth of analyzed quartz crystals as revealed by SIMS and discussed below.

The measurements from the "©Oedluessof el | syst e
equilibrium fluids range between 1T9 and 13 a
al.,2014)The r ecoi’®vauesofthefiuds) . 01 t o +0.04 &) are
consistently | ower than tHOsfeB dif 1i mif earsr ed me
indicated by measur ementvalfes agegikeldduete s. The n
exchange with rockduring prolonged watemock interaction that might be recorded by
guartz but not epidote. Quartz can grow over a wider range of temperatures than epidote
and commonly forms latstage veins at low temperature, as low as 150 °C. Below we
discuss the evidee for variable temperature regime during quartz crystal growth and
implications for triple oxygen isotopic measurements of bulk crystals.

4.3 The records of evolving hydrothermal sysdem

T h €80 theasurements by SIMS presented here show that quaraatst
Krafla may have grown as temperature changed. The range of values (Fig. 7A) from core
to rim, 4.0 a&a, toouvld result from temperature
°C, assuming constant value of equilibrium fluids (Eq. 9). This partiquiartz crystal
was extracted from a relatively shallow depth of 744 meters, where borehole temperature
measurements indicate a thermocline in which temperatures are consistently lower than
the boiling point of water. The thermocline interval is inferrethtdch a lithological unit
with low permeability that prevents heat transfer and thus conducts heat slower than the
surroundings$veinbjornsdottir et al., 1986. T h e d ¥Qimteeagsadz gaih U
would be consistent with a temperature increaseasgropagated through the rock from
the underlying intrusion at ~2 km depth (Elders et al., 2011). As for triple oxygen isotope
measurements, the bulk crystal contains a mixture of equilibrium compositions, with

NP values intermediate between maximumd aninimum fractionation defined by the
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Eq. 10 at the temperature range -PF0 °C. Due to concave up shape of the mixing
curve, such quar t'Q vae lgwertthar thavwobdbqudrtdgrowiagvireom o Nj
fluid isothermally (Fig. 7B). In this quartaystal, mixing between lovand high

temperature enthembers within same sample contributes to inaccurate determination of
op*’0 in equilibrium fluids. This can be further exacerbated by evolving fluids as the
exchange between pristine water and unaltevekl progresses (Fig. 7B).

The spati al ¥ valsdsinthérocks sarmoundn thaiGeitafell
intrusiondisplay a pattern also consistent with asothermal equilibrium fractionation
around plutons (Fig. 8) that were emplaced in the shaltogt causing circulation of
meteoric waters around them (Taylor, 1974; Forester and Taylor, 1979; Wotzlaw et al.,
201 2) O values of @pidote vary much less than those of quartz, partly due to its
smaller fractionation factor and partly, due to higimperature of formation (>250 °C;
Bird and Spi é% efguartzih@dages with distarce fiom the contact and
forms multiple generations of precipitation at different temperatures and equilibrium
fluids (Liott a’Oeneastanientsof quartifoi the Hbst reckspbid
here to r e®®valsetofrewlving fltids eouldibdjfurther employed to
provide a record of heat and mass transfer followed the emplacement of the intrusion.

4.4 Implications for magmatic assimilatienn d o r i g¥fOmhydaitts | ow U

Shallow hydrothermal alteration of volcanic rocks produces iB%D rocks that
can be deeply buried then assimilated by partial melting to yieldltf® magmas.

Similarly to radiogenic isotopes, major elements, anctedements, triple oxygen

isotopic composition of contaminated magmas can trace the input of hydrothermally
altered rock. In Krafla, erupted rhyolites, such as glasses quenched by drilling of hole
IDDP-1 and high silica rocks exposed on the surface cdow-di*®0 signature from

assimilated hydrothermally altered crust (Elders et al., 2011). We construct (Figure 9) the
trajectory of assimilation of shallow hydrothermally altered rocks in triple oxygen isotope
space based on our measurements of epidotquartiz, rhyolitic glasses and the

previous measurements of altered basalts by Herwartz et al. (2015) recalibrated to more
accurate standards (Pack et al., 2016). These measurements provide the basic information
needed to estimate the effect of crustalmasation on the triple oxygen isotopic

composition of contaminated magmas. Since magmatic differentiation occurs at high
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temperature, thed'’O values of primitive and evolved magmas do not vary significantly

at the level of analytical precision in the ganof valuesg?’0O=-0. 06 NO. 01 & ( Tanal
and Nakamura, 2013; Pack and Herwartz, 2014; Pack et al., 2016; Sharp et al., 2018).

Thus, incorporation of an isotopically distinctly component, such as hydrothermally

altered rocksg’’O= + 0. 03 N Obe @sblved Yvithin theoanalytital precision.

From triple oxygen isotope composition, we estimate that theité@ rhyolitic magmas

from Krafla, including those quenched and extracted by drill hole HhDRere derived

from assimilation of 1680 % hydrotermally altered crust and @D % uncontaminated

magmas (Fig. 9). These estimates®awlseume t hat
between 5.5 and 6.5 a4 and assi iOofarbusdd hydr ot
-8 a. These est ithpevioasscalalgtions kased enlcombined oxygen

and hydrogen isotopic composition of the quenched glasses yielding about 20 % material
assimilated (Elders et al., 2011). This approach for estimating the amount of assimilant

through isotopic mass balaneeght help to resolve the nature of recycled material in

other geological situati ons®ualdw®EOt he cont an
values, such as low temperature sedimentary rocks (e.g. shalegV@k -0.10 + 0.01

a; Bindeman et al ., 2018).
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as

altered crust at Kraflaby manttte r i ved magmas. Th'% aoddight r i but i

opt’O hydrothermally altered crust from Krafla is resolved due to its distinct isotopic
signature compared to the isotopic composition of uncontaminated magmas.
Measurements of volcanic glasses quenched by the drilling hole-1Ddde surface

rhyolites are constent with assimilation of 20 % of hydrothermally altered crust by
mantlederived melts. The composition of hydrothermally altered crust is represented by
average composition of bulk hydrothermally altered basalts measured previously (data
from Herwartz eal., 2015 recalibrated to SCO composition from Pack et al., 2016) that
can be also reproduced by mixing between average values of epidote and quartz.

5.0Conclusions

We have presented highr eci si on medGinhydrothermal s of oN;j
minerals and fluidérom Krafla and Reykjanes modern geothermal areas and from the
fossilized hydrothermal system at Geitafell. The measurements provide a record of
isotope exchange between rocks and variable fluid sources, such as seawater and
meteoric waters of differentagopic composition. We found that:

1.Si mi |l ar t o ¢ &Onrheasurendentsiddhydrousimingrals, the triple
oxygen isotope measurements can uniquely fingerprint initial fluids, constrain
temperature of alteration and effective wataek ratios. Our rgults support previous
triple oxygen isotope studies of Proterozoic rocks that exchanged with extremely low
U0 meteoric waters (Herwartz et al., 2015; Zakharov et al., 2017) and seawater
(Zakharov and Bindeman, 2019).

31



2. Triple oxygen isotope measuremeotgeothermal fluids collected at the
surface present a novel way to resolve the effects of isotopic exchange with rocks at high
temperature and boiling, whi® measuemgmts.e ment s t
The ne d'®shiftyiefluidgsNjre due hightemperature exchange between rocks
and local fluid sdOrwieshowheaesisg®hkifc¢aniti nc i
due to boiling and vapdrquid separation.
3. Especially insightful are measurements of Higimperature minerals with
smalloxygen isotope fractionation, such as epidotes and garnet, that provide a close
estimate ofp'’O in the equilibrium fluids. In our case, epidote has isotope compositions
almost identical to the well fluids in Reykjanes and Krafla. Geitafell epidotesdreco
i sotopic composition of®OMi80ciene meteoric wat
4. Measurements of quartz are supposed to provide a more accurate record of
equilibrium fluids and temperature using calibrated equilibrium fractionation. The
estimated fluids range withii1 . 5 & and O addgpb@of the wellfluids Nj
at respective localities. However, timesitu ('8 0 measurements provide evidence that the
equilibrium calculations might suffer inaccuracy from presence of multiple generations of
equilibrium compsitions within single crystals. Estimated slope of quapiziote triple
oxygen isotope fractionation in the studied hydrothermal systems has the mean value of
0.526+0.001 (£ 1 standard error).
5. Triple oxygen isotope composition of contaminated magmahktrbgused to
inform about the amount of assimilated material. §¥8Ov a | u e s %0 rhyolltes w i
from Krafla are consistent with assimilation 0f30% of hightemperature
hydrothermally altered crust.
6.0Bridge
Chapter Il highlights the effectiveness ’Ogmeasurementsased orthestudy of
modern geothermal areas of Icelafich e’Ogmlues measured in fluids and minerals add
a new dimensiorotresolving the effect of wateock exchangand shallow boilingThese
resultsprovide basis for all subsequent chapters that address the environment of ancient
hydrothermal system©®ur measur e WOnt &% dfwalldluds shomthat
the reactions proceeded at wateck ratios of 0.1 to 2, antthey reveal the addition of

meteorc water in the Reykjanes system, and rmaface boiling and steahguid
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separation at Krafla. fitdote isotop composition in all three localities closely resemble
the isotoe composition ofocalfluid sourceqeither inferred fromi Dralues or measude
directy). The Chapt er O valuesltan wevide kepgntroloh theexteqd

of waterrock exchangghatwasn ot accessi bl e through convent
Ut80. The distinction betweemasaltseawater andasalimeteoriewater readions in
hydrothermal systemsre clearly resolved and thus, can lsudied in ancient
environments. In Chapter Ill, | present thesults of mineralogical, fluid inclusion,
hydrogen, and triple oxygen isotomaly®s of submarine hydrothermalteredrocks
from the early Paleoproterozoic (2:2311 Ga) Vetreny belt. | also present triple oxygen
isotopic composition of quartz and epidote that formed a high-temperature
hydrothermdly altered, relatively young (67 Ma), oceanic crussampled by the Gman
Drilling ProgramHole 504B in the estern Pacific Ocean. The study is aimed to detiee
if0, ap and &sDfthe 242ut1 Ga seawateFhese constraingsrovide insights
into the role osubmarine hydrothermal alteration in the stable isotopitget of seawater

throughout Earthdés history.
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CHAPTER I
TRIPLE OXYGEN AND HYDROGEN ISOTOPIC STUDY OF HYDROTHERMALLY
ALTERED ROCKS FROM THE 2.42.41 GA VETRENY BELT, RUSSIA: AN
INSIGHT INTO THE EARLY PALEOPROTEROZOIC SEAWATER
From Zakharov, D.Oand Bindeman, 1.N(2019) Triple oxygen and hydrogen
isotopic study of hydrothermally altered rocks from the 248 Ga Vetreny belt,
Russia: An insight into the early Paleoproterozoic seaw@tmchimica et
Cosmochimica Acte248,185209

1.0Introduction
The secular variations in the stable isotopic composition of seawater provides
constraints on interactions between major reservoirs of oxygen and hydrogen, ultimately
relating plate tectonics, continental weathering, @ntperature of the oceans.
Consequetf@ laynd tth2 wial ues of the ancient seaw
Precambrian, has been an alluring subject for geochemical investigations (Perry, 1967,
Knauth and Lowe, 1978; Gregory and Taylor, 1981; Holland, 1SB#Ilds and Veizer;
2002; Knauth and Lowe, 2003; Robert and Chaussidon, 2006; Furnes et al., 2007; Marin
Carbonne et al., 2012). Detailed studies of rocks recovered from the modern seafloor
(Muehl enbachs and Cl ayton, Hh9I086; AltStalakes and
1995; Alt and Bach, 2006) made a significant contribution by showing thaglwav
high-temperature interaction between oceanic crust and seawater plays a ubiquitous role
in the stable isotope budget of hydrosphere over the coligemlmgic time. Compared
to fresh unal®eb5 8. BasaVSESMOWt hHoefs, 2015),
m of modern seafl oor basement WWoeapspsed of pi
bet ween 6 an d-tethferatare (&10@ °C)takeratiandveubmarine
weathering. Thenext6 km of oceanic cr tfQ betweenlland5t hat a
a due -tempetaturg lydrothermal alteration generated atavédn ridges
(Muehlenbachs and Clayton, 1976; Alt et al., 1996). The interactiorebatancient
seawater and seafloor rocks is recorded in fragments of preserved oceanic crust,
providing an opportunity to assess quantitatively the temporal changes in the isotopic

budget of Earthés hydrosphere. Sudingdhees of e X
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Samail, Troodos, Josephine ophiolites (Heaton and Sheppard, 1977; Gregory and Taylor,
1981; Schiffman and SO of seawatbrav8sduplikelytobewe d t hat
significantly different from the modettlay value. Older ophiolites arerezand are often
altered by metamorphism, hampering the ability to make accurate determinations of the
0 value of seawater. Several ¥awbeost udi es,
Paleozoic, Proterozoic and even Archean seawater must haveatsab wi t hin N 2 &
the moderrday value (e.g. Holmden and Muehlebachs, 1993; Fonndlamg@nsen et
al., 2005; Furnes et al., 2007).

On the other hand, Precambrian and early Phanerozoic marine sediments yield
0 values as much asodetn@nalogues?Veizediet dl.al998;r t han r
Shields and Veizer; 2002; Knauth and Lowe, 2003). To explain this, many authors called
for velOy viadweils of the Precambrian seawater,
higher temperatures (up to-80 °C) of oceana t ¢ o HG df seawtaterfior a
combination of the both (Robert and Chaussidon, 2006; Jaffrés et al., 2007; Veizer and
Prokoph, 2015). The discrepancy between the sedimentary and ophiolite records has been
the subject of debate for a few decades n@e (&affrés et al., 2007 and references
therein). While the ar gumen¥Osigmalinpoor preseryv
sedi mentary rocks is often invofOwduyesaof here ar
the Precambrian seawater involving long teeaular changes of th#0 fluxes in the
hydrosphere due to ongoing subduction and changing ocean depth (e.g. Kasting et al.,
2006; Wall mann, 2% @allgs of ariRient maeine sediments arev
common in Proterozoic and Archean formations, ttwedrecord provided by Precambrian
ophiolites is sparse, it is worth pursuing more accurate and precise determinations of the
s e a w a%0 eatue fiom well preserved rocks using modern analytical methods.

The coupled behavior of hydrogen and oxygen isotopmposition of seawater
through geologic time could help to resolve the controversy (e.g. Hren et al., 2009) but
the UD value of seawater in the distant past
of the original 0D vnerbdlau(€yseranhKeriah,m®b)n hydr ous
Additionally, the pot elfOvaluesintldeccteansdavatey of t h
(e.g. due to hydrogen loss; Zahnle et al., 2013) has not yet been explored extensively in

the rock record (one study by Pope et2012).
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The advent of higlp r e ¢ i1©imeasuretents could provide much needed
addi ti onal c 8@ d ancienthpdtospheceaséd lorerddsendent
fractionation of oxygen isotopes. Improved understanding and the growing number of
high-precsion studies on mastependent equilibrium fractionation of triple oxygen
isotopes in terrestrial reservoirs (Matsuhisa et al., 1978; Pack and Herwartz, 2014; Pack
et al., 2016; Sharp et al., 2016; Bindeman et al., 2018; Sengupta and Pack, 2018) are now
s ficient 1O ofaneiant seawater from mepsurements of minerals that
originated in a submarine enviQvaluesient . Combi
submarine hydrothermally altered rocks should help resolve the effect of variable water
rock ratios and might provide a missing record for future modeling efforts of coupled
hydrospherdithosphere interactions.

In this paper we investigate the products of hydrothermal alteration of well
preserved komatiitic basalts from the 22181 Ga Vetrenyelt of Karelia craton, Baltic
Shield located in the NW part of European Russia (Fig. 1) using hydrogen and triple
oxygen isotopes aided by mineralogical and fluid inclusion studies. Hydrothermally
altered rocks offer snapshots of higgmperature interéion with seawater recorded
shortly after eruption, during the period of cooling of magma$ {0®years), and are
often far less subjected to paktpositional alteration compared to the sedimentary
record. Oxygen isotopes bonded in large crystals (>] ofisilicate minerals were likely
closed to diffusion and could be altered only at much higher temperatures, exceeding 300
°C (Dodson, 1973). The Vetreny belt rocks likely erupted in a submarine environment
providing a rare insight into the 24341 Ga sawater, which existed in an anoxic
environment, shortly after or during the earliest Paleoproterozoic snowball Earth
glaciation and the Great Oxidation Event (Bekker et al., 2004; Lyons et al., 2014;
Gumsley et al., 2017). This formation is wsllited tostudy ancient waterock
interactions due to the presence of abundant hydrothermal features preserved in the
pillow section, and hyaloclastites that are almost untouched by regional metamorphism
(see Fig. 2). Excellent preservation of rocks from the Wigthelt motivated us to draw a
comparison to the higtemperature hydrothermally altered rocks from the relatively
young (67 Ma) oceanic crust recovered by the Ocean Drilling Project (ODP) Hole 504B
located in the eastern Pacific seafloor. The drill gzowides samples of basalts, sheeted
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dikes, and plutonic rocks from the ssbafloor section of oceanic crust that were altered

at 300400 °C by seawataterived fluids. Coarsgrained aggregates of epidote, quartz,
calcite, and other secondary mineralsttommonly form veins allow for separation, and
analysis of single mineral grains, and subsequent equilibrium isotopic calculations to
der i v 80, pandihe temperature of equilibrium fluid that closely reflects
seawater. This work adds to severa e x i% tstudiegof Archean and

Paleoproterozoic submarine hydrothermally altered basalts (Holmden and Muehlenbachs,
1993; Gutzmer et al., 2003; Furné®andt al
0D val ue s-2.4l1Ga dedwater. 2Ned e8so motivated by our previous studies of
theultral o WOlUr ocks (as |l ow as 127 a) from the
Belomorian belt, where 2.42.41 Ga mafic intrusions interacted with glacial meltwaters
during the earliest episode of snowball Eafticiation (Bindeman et al., 2014; Zakharov

et al., 2017). While the Belomorian belt recorded oxygen isotopic composition of low

Ut®0 glacial meltwaters near equator (Salminen et al., 2014; Bindeman and L&g, 201

the almost coeval and geographicallyxpneal Vetreny belt provides a complementary
insight into the stable isotopic composition of ancient seawater.

Figure 1. Generalized geological map and stratigraphic column of the Vetreny belt
showing the sedimentary fill, komatiitic basalts, anéwad intrusions. The inset shows

its location within the Baltic Shield and other 2241 Ga supracrustal be(grey

green). The localities are shown with open squares: Myandukha, Shapochka, Golec and
nearby Ruiga intrusion. Separated by a tectonic,fthdtBelomorian belt preserves the
snowbaliEarthage ultralowi*®0 rocks coeval with formation of the Vetreny belt
(Bindeman et al., 2014; Zakharov et al., 2017). The schematic stratigraphic column
includes published age determinations bracketing thefdgematiitic basalts between

2.43 and 2.41 Ga. The relationship between sedimentary rocks of the Vilenga and
Kalgachikha formations are not identified reliably and shown as presented in Kulikov et
al., (2010).
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2.0 Geological setting and age

The Vetreny belt is a northwest trending basin over 250 km in length, with width
varying from 15 to 85 km from north to south. It developed during early Paleoproterozoic
rifting of the Karelia craton of the Baltic Shield and is filled with a voleaadimatary

succession (Fig. 1; Puchtel et al., 1997; Kulikov et al., 2010). Up to 4 km of dominantly
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sedimentary rocks and subordinate amounts of volcanic rocks fill the lower section of the
Vetreny belt (Fig. 1). The sedimentary fill is composed of sandstooeglomerates,
dolostones, including stromatolites, and turbidites, similar to other early Paleoproterozoic
basins of the Baltic Shield, some of which contain glacial deposits related to the
Huronian global glaciations marking the transgression of seetlb@iand (Strand and
Laajoki, 1993; Ojakangas et al., 2001; Melezhik et al., 2013). Even though the Vetreny
belt is not a welktudied basin with no conclusive results about the depositional
environment, the environment of other contemporaneous badims Karelia craton
have been interpreted as shallow marine or glawaine at 2.€.3 Ga (Ojakangas et al.,
2001), suggesting that the Vetreny belt also represents accumulation in a submarine
environment.

The komatiitic basalts were deposited on tbfhe sedimentaryolcanic
succession, and their cumulative thickness reaches 4 km (Kulikov et al., 2010;
Mezhelovskaya et al., 2016). Coeval intrusive bodies of mafic and ultramafic rocks
penetrate the underlying formations, representing the subvolaanjgex of the Vetreny
belt (Kulikov et al., 2008). Upper sections of these flows contain pillow basalts and
hyaloclastites that rest on top of more massive komatiitic basalts, that display porphyritic,
variolitic, and spinifex textures. The rocks are rekabty welkpreserved for their age,
containing original delicate igneous textures, structures resulted from subaqueous
emplacement (Fig. 2), and they even preserve amorphous volcanic glass identified by
transmitted electron spectroscopy (Sharkov et ai3g@nd potentially traces of
microbial life in the upper pillow basalts (Astafieva et al., 2009). Hydrothermal alteration
hosted in komatiitic basalts of the Vetreny belt was likely facilitated by the heat from a
large volume of cooling lavas and subwvaiec mafic intrusions. Occurrence of pillow
structures and Aspiliticod assemblages of
modernday submarine basalts also suggests hydrothermal alteration in presence of
seawater. Moreovethe submarine natud alteration at the Vetreny belt is supported by

thepresence of saline fluid inclusiohssted in quartz veins.
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Figure 2. Hydrothermal alteration of komatiitic basalts in the Vetreny belt.FAllow
basalts as exposed in a quarry wall cut with a langellar saw. Pillows distinctly exhibit
alteration of the rinds (green) and less altered cores (brown). The interpillow fills are
composed of quartz, epidote, chlorite, actinolite, calcite, and diopsidepBshed hand
specimen of interpillow fill shing hyaloclastitic texture at the pillow rind. The interior
of interpillow fills are composed of quartz, calcite, epidote, amphibole, diopside, and
garnet (sample VB16 in Fig. 3B).iCHydrothermal breccia with angular fragments of
komatiitic basalt (blac) surrounded by alteration aggregates of chlorite and amphibole
(green) and cemented by white quartz (sample VB13)(IDartz vein cutting through
komatiitc basalt Quartz (gz), calcite (cc) and epidote (ep) were extracted from the
sample and analyzedrfit®O, *Qiandli Oisample VBS8A in Table 1). Homogenization
of fluid inclusions in the quartz yields temperatur&58 +31 °C. E - Thin section of
hydrothermally altered hyaloclastite. Fragments of komatiitic basalt (brown) are
surrounded by chilled nngins (black sharp) that are concentrically altered inward (light
brown) and cemented by quagmphibolechlorite aggregate with muscovite (sample
Myal in Fig. 3C); Oi komatiitic basalt with spinifex texture formed by splintery crystals
of clinopyroxeneenveloped by amphibole and brown groundmass altered to chlorite,
albite, epidote, and quartz (sample GO25 in Fig. 3A).
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The age of the komatiitc basalts is bracketed by multiple determinations.
Andesites of the Kirichi suite that underlie the komatiigsdlts (Fig. 1) were dated to
2437 £ 3 Ma using higprecision IDTIMS zircon geochronology (MSWD = 0.8;
Puchtel et al., 1997). We interpret this age as the lower limit for the formation of the
komatiitic basalts of the Vetreny belt, while the upper lisiinterpreted to be 2407 + 6
Ma as constrained by R@s isochron method (MSWD = 6.5) for whaleck samples,
olivine, and chromite separates (Puchtel et al., 2016). A single zircon extracted from a
differentiated komatiitic basalt flow yielded an identiage of 2405 + 6 Ma (IETIMS;
Mezhelovskya et al., 2016). The subvolcanic mafic layered intrusion Ruiga located at the
Golec locality (Fig. 1) was dated to 2390 = 50 Ma usingNBinisochron method
(MSWD = 1.6; Kulikov et al., 2008) and to 2415 + 15 Mangdihree discordant zircons
(MSWD = 0.7; Mezhelovskaya et al., 2016). Herein we accept that the komatiitic basalts
and associated hydrothermally altered rocks formed within the interval between 2.43 and
2.41 Ga.

2.1 Influence of 1.9 Ga regional metamoghi

Most parts of the Karelia craton experienced metamorphic overprint during the
Svecofennian period of metamorphism (21985 Ga) with metamorphic grade being the
highest in the northern part of the craton (Bushmin and Glebovitsky, 2015). The Vetreny
belt located in the extreme sowtst part of the Karelia craton (Fig. 1) is one of the least
metamorphosed early Paleoproterozoic structures of the Baltic Shield. The komatiitic
basalts, with original delicate igneous textures and minerals, and coexisturg ezt
hydrothermal alteration (see Fig. 2) were previously categorized as rocks of prehnite
pumpellyite facies (Bushmin and Glebovitsky, 2015), similar to how medizyn
submarine hydrothermally altered rocks are described to be metamorphosed in zeolite,
prehnitepumpellyite to greenschist facies. The preservation of entire sections of
unaltered differentiated lava flows with fresh volcanic glass and original igneous
minerals (see the description in Puchtel et al, 1996) suggest that the alteration of the
hyaloclastites and pillow structures occurred by hydrothermal finidgu during the

eruption in subaqueous medium, and not during the regional metamorphism. While some
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rocks have an unmetamorphosed appearance (Puchtel et al., 1996), some sectons in th
western margin of the belt were subjected to greenschist facies metamorphism (Bushmin
and Glebovitsky, 2015; Puchtel et al., 1997). Such rocks display signs of deformation,
schistosity and foliation, and were intentionally avoided in this study.

3.0 Sampe description

For this study we collected samples spanning over 100 km along the length of the
belt from localities Golec, Myandukha, Shapochka and subvolcanic Ruiga intrusion (see
Fig. 1). The Myandukha locality is an area with several natural outesgqused during
glacial retreats and in multiple quarries in the vicinity of the town of Severoonezhsk,
Russia, and is the southemost locality studied here. The Golec locality is a hill with
steep slopes that expose the volcanic flows and subvolcanisiont Ruiga in the
northeramost area of the belt (Kulikov et al., 2008). The Myandukha and Golec
localities are studied here most extensively because they were either not affected or least
affected by superimposed greenschist facies metamorphism t.8®Ga (Puchtel et
al., 1996; Puchtel et al., 1997). The rocks studied here show no signs of schistosity or
recrystallization indicating an absence of deformations associated with regional
metamorphism.

The most prominent hydrothermal alteration is exggdsn pillow structures and
hyaloclastites. Pillows ranging in size from several tens of centimeters to over a meter in
diameter are ubiquitously present in multiple quarries near the Myandukha locality (Fig.
2A). The pillow rinds are notably colored gneeompared to browgrey centers of the
pillows, and the voids formed by junction between pillows and brecciated fragments are
filled with fine-grained aggregates of quartz, epidote, calcite, amphibole, and chlorite
(Fig. 2B, 2C). Herein such aggregates aaferred as interpillow fills. Locally, komatiitic
basalts are intensely dissected by quartz veins, brecciated, and cemented by quartz. In
such cases quartz and associated epidote and calcite occur as coarse crystals (several cm
in size), which were sepated for oxygen, carbon, and hydrogen isotopic analyses (Fig.
2D). Hyaloclastitic varieties of komatiitic basalts exhibit jointing of small fragments (up
to 10 cm) of rock that are altered from rim to center varying the color from dark green to
dark brownand surrounded by chilled margins (Fig 2E). Hydrothermally altered massive

basalts exhibit relict porphyritic, variolitic and spinifex textures, where most of original
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igneous minerals are replaced by epidotes, amphibole, albite, and chlorite (FiheF). T
samples of altered gabbros collected from the Ruiga intrusion contain amphibole,
serpentine, chrolite, talc and relicts of plagioclase, olivine, and pyroxene. The massive
basalts, hyaloclastites, firgrained interpillow fills and altered gabbros wenalgzed for
0 and UD as whole rock samples due to diffi
minerals.

The 67 Ma submarine hydrothermally altered rocks from the eastern Pacific
seafloor were extracted by the Hole 504B (ODP legs 83 and 70). Most samngpfesm
leg 83 (prefix 83, see Tables 1 and 2), from depths 84900 m below the subeafloor
basement (without sedimentary covdiis interval represents the upper section of
sheeted dikes complex, whelfOevallsats al ti ¢ rocks
temperatures above 250 °C (Alt et al., 1996). One sample was extracted from shallower
levels (leg 70, depth of 378 m; prefix-y@epresenting a midcean ridge basalt (MORB)
that underwent modest submarine weathering. The mineralogical, chemicabtapt
composition throughout Hole 504B, including the Legs 70 and 83 can be found in Alt et
al. (1996).
4.0 Methods

Powdered samples of firgrained massive altered komatiitic basalts were
analyzed using ay diffraction (XRD) with several matchingragles analyzed by X
ray fluorescence (XRF). The XRD patterns were collected by Rigaku Rapid Il system
(Mo-KU radiation) at the University of Wiscons
determined using an XRF Axios analyzer at Pomona College, Calif@@ieentages of
mineral phases in the samples were computed by JADE 9.0 software using the Rietveld
refinement method. Thin sections were examined under a petrographic microscope, and
analyzed using the Cameca SX100 electron microprobe at the UniverSitggidn. The
fine-grained samples were scanned to create elemental maps using grid analysis with
following operating conditions: 40° takeoff angle, beam current 30 nA, 15kV operating
vol tage, beam diameter 10 em anixel.§potl sec cou
analyses of selected minerals were performed under same conditions except count time

was 60 seconds per element. Microthermometry measurements of fluid inclusions in
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guartz were conducted using Fluid Inc. UStgfe heatingcooling stage.
Reproduibility of each measurement is within £2°C.
T h et’Op a %@ andlyses were carried out at the University of Oregon Stable
Isotope Lab using a gaource MAT253 mass spectrometer equipped with a laser
fluorination line. For oxygen isotope analyses weduskole rock samples (1122 mg)
of massive, altered, komatiitic basalts, fgmined interpillow fills and separated crystals
of quartz, calcite, and epidote. Mineral separates were examined under a binocular for
inclusions of other minerals prior toalgsis. Analytical procedures for conventional
'O analyses followed as reported in Bindeman et al. (2014). Triple oxygen isotope
analyses carried out using the same promedeported in Zakharov et §2017)
including the gas chromatographic columngarification of generated OFor hydrogen
isotope analyses we used a continuous flow system TMBA253 at the University of
Oregon, following standardization and normalization procedures described in Martin et
al . (20407) .07 dremppaited relative to the VSMOW (Vienna Standard
Mean Oceanic Water). The d%emagéypiecisi to.a
The average precision of UD anal y®is by TC/E
determination is estimated to be +0.05%t. The precision of triple oxygen isotope
anal ysis i s NO®ahd.0160r. Ohlet tH¥O.rCarbooatgs Wiere
anal yz%od afdd@ibyidgaction with phosphoric acid using GasBench in
continuous flow mode with Hgas as carrier. Ther eci si on %Gand#.12 & f or
4 f &°C valiies of carbonates. All analytical precisions are reported as 2 standard
er r or $% andlysiewasicarried out at the University of Nevada, Reno, Stable
Isotope Lab followed the procedure reported msSineau et al. (2001) with precision of
N 0.2 & reported relative to VCDT (Vienna Ca
Accuracy of the triple oxygen isotope analyses was monitored by analyzing San
Carlos olivine (SCO) for which higprecision measurements are putdid (Pack and
Herwartz, 2014; Pack etfOax .5. 20360 '0O.Th&8 S& Oa
= 70.081 N 0.008 a4 (mean N standard error, n
published in previous studies (Pack and Herwartz, 2014). Howevenoitgerecent
analysis of SCO measured against oxygen extracted directly by fluorination of VSMOW

and SLAP conducted in two labs (see Pack et al., 2016) yields systematic offset of the
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'O value of SCO by about 0.030 B).Smcem our v
we did not perform fluorination of VSMOW to calibrate our reference gas we adjusted

our measurements within each analytical session to compensate for the offset given for

the composition of SCO (Pack et al., 2016; BableS1 inAppendixB).

The linearized delta o t a 180 o & 1@ is tsed here to address the-non
linearity of the relati ons @A@aalomngn conven
Miller (2002), linearized notation is expressed as:

Ted pmmE — ),
where x is eitherYAigused heretosdescrif®-excessdronuae of
reference line with a slope of 0.5305 (Matsuhisa et al., 1978; Pack and Herwartz, 2014):

wel (a0 _ @&l ().

Addi ti onal | y¥®0O vauesin siteia tvaquatd sariples (VBSA and

ODP504B83-90R, 7172) using ion microprobe. First, polished sections of quartz were

imaged using a FEI Quanta field emission gun scanning electron microscope equipped

with a cathodoluminescence grayscale detect at t he Uni ve¥&ity of Or
was analyzed from XQm-diameter spots using a secondary ion mass spectrometer

(SIMS) CAMECA IMS-1280 at the WiscSIMS Lab, University of Wisconsin. A polished

grainof UWQ1 quad®tz (8.33 &) wesamplesandusedasavi t h
bracketing standard. The precision during th
errors).

5.0Results

5.1 Mineralogical compositions

As determined by XRD (Tablg2 in Appendix B, the major minerals in altered
komatiitic basalts are amphibole (500 wt. %), chlorite (10 30 wt. %), epidote (510
wt. %) and albite (5 10 wt. %). Muscovite, phlogopite, titanite, prehnite, quartz and
calcite commonly occur in minor amounts. The XRF major elemental HaitdeS2)
show that altered komatiitic basalts have high MgO and iron oxide (reported as
Fe03°?), 8-16 and 1417 wt. % respectively, with Skontent of 4547 wt. % similar
to composition reported previously (Puchtel et al., 1997). Electron microprobe data
shows that phenocrysts of olivine and pyroxene preserve their shapes and are
pseduomorphically altered to @anphiboles (Fig. 3). The spieX-textured komatiitic
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basalts contain original undeformed pyroxenes, augite, and pigeonite, enveloped in
actinoliteepidote rims (Fig. 3A). The groundmass of altered komatiitic basalts is altered

to fine-grained aggregates of albite, chlorite, epidoteamguartz, and calcite. The

interpillow fills exhibit zoning; the areas adjacent to the pillow are rich in epidote, quartz,
and Caamphibole, while the center of interpillow fills contain abundant medjummed

calcite, epidote, diopside, irregularly mmhamphibole, and rare grossular (Fig. 3B). Fine
grained veins that dissect and cement hyaloclastite fragments of altered komatiitic basalts
are composed of fingrained aggregates of albite, chlorite, muscovite, prehnite, and Ca
amphibole (Fig. 3C).

Table 1.Equilibriumt e mp e r 80 ua r ¢ edquilibriunfluids based on
conventional oxygen and hydrogen isotope analyses. All isotopic values are reported in
a VSMOW

Sample %0, U'%ep U B 8O U0¥Cee Computed Computed fluid

temperature, °C
gzept qzc® %Omie® U Rie* U Buid®

Myandukha locality, Vetreny belt

VB8A 8.56 3.08 -51 7.37 0.07 349 375 3.01 -13 -31
VB8B 7.83 2.97 -32 387 3.20 9 -12
VB14C  5.67 -0.34 -20 4.08 -5.36 321 286 -0.68 16 0
VB24 9.27 2.99 -8 308 2.51 26 12
1321 11.36 7.32 -4.01 79 - -
Golec locality, Vetreny belt
GO4 5.06 -0.06 -23 370 0.04 16 -3
G022 5.13 -0.97 -56 316 -1.36 -21 -36
Golec 4.93 -0.25 -119 365 -0.20 -80 -99
hole ODP 504B, eastern Pacific Ocean
8390R, 8.42 3.47 -8 380 3.62 32 12
148
149
8390R, 8.75 2.38 -21 303 1.82 13 -1
71-72
Abbreviations: qZz quartz, ef epidote, cd calcite
UD values in epidotes with O 2 wt. % are highlighte

1- fractionation factor used from Matthews (1994)

2- fractionation factor from Matthews et al. (1983)

3- fractionation between water and quartz is computed as recommended in (Sharp et al., 2016)

4- hydrogen fractionation factor from (Chacko et al., 1999)

5 hydrogen fracti Qpddwkd-B803f & atoor (160G GMlarmU and Sheppard,

The compositions of epidotes, amphiboles, chlorites, and pyroxenes found in
massive altered komatiitic basalts and veins and interpillow fills are shown on Fig. 4.

Spot analyses of these minerals are reportd@lolesS3 through $ in Appendix B For
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comparison we show the compositions of the minerals from modern hydrothermally
altered oceanic crust demonstrating a significant overlap with the compositions of
chlorites, amphiboles and secondary diopside from the VebehyFig. 4). The notable
difference between Fecontent in some epidotes from the Vetreny belt and epidotes
recovered from modern oceanic crust is difficult to interpret with certainty because of the
very complicated relationship between epidote cormtiposand thermodynamic

parameters. However, the measured epidote compositions are not unusual for epidotes

from hydrothermal systems in general (Bird and Spieler, 2004).

Na,O, wt.% AlLOs;, wt.% SiO,, wt.%
A 100 25 §
7.5 20
50 15
2l5 e
\ab+ep+chl 0.0 i
FeO, wt. % AlgOg, wt.% Kzo, wt.% Nazo, wt. %
- 7 { 125
15 30 "q;?k /2 l 9 10.0
10 20| 6 S\ 75
= mus ‘ab 5.0
5 wof ( 3 o
0 0 ‘\1 np— 0 0.0
MgO, wt.% FeO, wt.% Al,O3, wt.%

MgO, wt.%

Figure 3. Elemental distribution maps created for figgained hydrothermally altered

rocks using EMPA. A komatiitic basalt (sample GO25) showing original igneous

texture with preserved skeletal relicts of pyroxene enveloped by amphibole. Side length
oftheimage s 5 0 G intkenmal parB of interpillow fill (sample VB16) composed of

amphibole, diopside, epidote and garnet cemented by anhedral quartz and célcite; C

fine-grained rind of altered hyaloclastitic fragment. The rock is altered to albite,

muscovitec hl ori t e, amphibole, and quainparels Si de o
B and C. Mineral abbreviations: (ab) albite, (amph) amphibole, (chl) chlorite, (cc) calcite,

(di) diopside, (ep) epidote, (gt) garnet, (px) primary pyroxene, and (qz) quartz.
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Figure 4. Chemical composition of sokdolution minerals from the hydrothermally

altered komatiitic basalts. Blue circles represent minerals in massive altered komatiitic
basalts, red circlésin interpillow fills and veins. Filled circles represeatia extracted

from the elemental maps (Fig. 3) and open diamonds show compositions as determined
by EMPA spot analysis (see Methods). Composition of epidotes expressed as’the xFe
denoting the F8/(Al+Fe*") ratio in formula units computed based on 1®asi The

average value xPé= 0.16 was used for computing quagjzidote fractionation factor
(Matthews, 1994). Composition of pyroxenes expressed im@amdbers: Di diopside,

Hei hedenbergite, Erenstatite, Fi ferrosilite, Woi wollastonite. Pyroxees in

massive komatiitic basalts are primary augites and pigeonites, whereas secondary
pyroxenes occurring in interpillow fills are diopsides. Occurrence of both primary and
secondary pyroxenes is common in highydrothermally altered mafic rocks from

modern seafloor (Laverne et al., 1995). Amphiboles and chlorites are plotted on a
classification diagrams of Hey (1954) and Leake et al. (1997), respectively. Transparent
white areas in each diagram represents the chemical composition of secondary minerals
from recent submarine altered rocks (Vanko et al., 1995; Laverne et al., 1995).
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5.2 Microthermometry of fluid inclusions

We conducted a microthermometry study of fluid inclusions using two samples of
clear vein quartz collected from Myandukha (VB&&)d Golec (GO22) localities (Fig.
1). The results of measurements are presented on Fig. 5. Most fluid inclusions are ~10
em i n s-domieated With aviambr bubble occupying2®vol. %. We were
focused on inclusions with negative crystal shapes$outtsigns of stretching or
alignment along cracks. Such inclusions likely experienced the least amount of
modification after the formation of quartz. The flkddminated inclusions commonly
contain a cubikshaped daughter mineral, most likely halite. ©th@dentified daughter
minerals are clear and opaque, of cubic and rectangular form, but occur much more rarely
than halite crystals. The fluidominated inclusions containing halite homogenize to fluid
only, through a series of transitions: fluid + budbblcrystal> fluid + bubble (average
temperature 320 °G) fluid (at ~400°C). Vapoedominated inclusions are also found
within the same samples. They contair90% vapor and homogenize to vapor. The
average homogenization temperatures for both typeglasions in the samples from
Golec (sample GO22) and Myandukha (VB8A) localities are 304 + 25 and 358 + 31 °C
respectively, with the average value of 331 + 22 °C for both samples (mean + 2 standard
errors). The total range of observed temperature2ds 837 °C, however, some of the
high-temperature measurements result from difficulty in seeing complete homogenization
in vapordominated inclusions though vapor + liquxvapor.

The presence of multiple daughter minerals in fiddcninated inclusions
indicates high salinity of the fluid. Presence of halite crystals constrains the salinity
between the saturation level of 26.3 wt. % equivalent NaCl, and ~40 wt. % eq. NaCl as
determined by dissolution of halite crystals at around 320°C. Presence adauléter
minerals indicates that the salinity is defined not only by NaCl but by other dissolved
salts, consistent with the melting temperatures below the-Na@l eut ect i ¢ poi nt
°C). Measuring salinity in vapatominated inclusions is difficult @uto limitations of the
optics and those measurements are not presented here. However, in several fluid
inclusions the bubble fAjerkso when heated to
crystal at that temperature, which would indicate low salinityrefinclusions. In

summary, we observe both brine and vapor as trapped inclusions in these samples
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indicating that the hydrothermal fluid was undergoing phase separation. This is a
common process in modern submarine hydrothermal systems at subcritical and
supercritical critical temperatures (critical point of seawater is 407°C, 298 bars; Bischoff
et al., 1986) as observed directly in nreant fluids (Foustoukos and Seyfried, 2007 and
references therein) or in fluid inclusions hosted in hydrothermal niénfecen oceanic

crust and ophiolites (Nehlig, 1991).

5 4
G022 . : mean Tm =
n \ iquid . 20 + 4°
1 vapor 31 Tjg\ ] o
T 31 mean Th = :
§ , 304 + 25 °C 21 Go22

AT

-40 -30 -20 -10 0

mean Tm =
d -17+4 °C
3 . 4 i — —
c VB8A
- 2 4
e}
o
1 - - =
. T O T r T
200 300 400 500 =40 =30 =20 =10 0
Th, °C Tm, °C

Figure 5. Histograms showing the results of fluid inclusion microthermometry.
Homogenization (Th, °C) and melting temperatures (Tm, °C) were measured in samples
G022 and VB8A collected at Golec and Mgakha localities, respectively. Examples of
vapordominated inclusions and fludominated inclusions with daughter minerals are
shown for each sample on the left and right sides of the respective panel image.
Temperatures of homogenization are in goag@gent with the temperatures derived

from quartzepidote oxygen isotope equilibrium (see Table 1). Very low melting
temperatures and abundance of halite and other daughter minerals reflect extremely high
salinity of the fluid that likely originated fromhase separation of seawater.

5. 3 ConviOnt itdA*Ganaysis

In total, we analyzed 54 samples for different isotope ratios collected from
localities Myandukha, Shapochka, Golec and intrusion Ruiga (Fig. 1), including separates
of quartz, epidote, calcite, and whole rock samples of altered komatiitic basalts, gabbros
veins and interpillow fills. The results of oxygen and hydrogen isotopic analysis are
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plotted on Fig. 6 and presented in the T&@le T fiCein vihole rock samples of

altered komatiitic basalts containing abundant amphiboles, chlorites and epidgess ran

bet ween 1.03 and 3.54 a@ and the UuUD-5ranges be
wt. % HO . TYDealués of altered gabbros from the Ruiga intrusion vary between

1.63 a8 and 3.68 a, with 0D valdomentsdi2d ween 11
2.5 wt. %. Interpillow fillsand finegr ai ned veins anal y¥Y9ed as who!
varying between 1.81 and 8.67 & and UD varyi
and interpillow fills are much heavier compared to altered komatiitic basalts due to

presencef quartz. The measurements of pure quartz and epidote separates yield average

val #%0g 0 6. 46 N ¥Om8= a1 .ahad Ni 1.84 & (mean N
quartz from quadit troei Asd40Danhge9. 2@ & with sa
Golecl ocal ity haviliogval ugst rynigowgr fiom 4. 40 t
quartz from the Myatdutkrham|D.c@mb ity 9.ahfed (M

0 of epidotes from quartz veins and interpi
whil e the UD in most epidotes range between 1
Golec locality yielded a |l ow uUD value of 111

preservation of original isotopic signature (see Discussion below). Epidotes from the
Golec localityang e f riobm 1T0.97 to 710.06 & and two U
values 156 and 1723 &4. EpidotedfOfaond tibe Myan
bet ween 10.35 and 3.11 &a and 151 and 18 &a re
2.1 wt. % HO, which is in lboad agreement with their stoichiometry. Water contents of
analyzed samples plotted against ot@er isoto
values are shown on Figure 7. We use@ ldontent to discern pure epidote separates
with stoichiometric amouis of water (1.2 . 0 wt . %) t hat were wused t
the equilibrium fluid$Oo(&nd.U0BBYyal Wes sdhfowe i
ophiolites and modern seafloor rocks that exhibit significant overlap with the Vetreny
belt data (Fig. 6C).

The four samples of calcite intergrown with quartz and epidote from veins and
interpill owWwofheéet weegn ed4 de da rid3Chalues betweers MOW and
of 15.36 and 0 P0Qvalues of varif Bre cofsistent with carbon being

sourcedrom the mantle and partly from-reineralized organic matter (Hoefs, 2015).
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One pyrite separate extracted from an interpillow fill (sample VB24) was analyzed for

sulfur isoft'®pesOy2 eddChD, ttwhich indicates th
derived from the mantle or marine reservoir. Multiple isotope analysis of sulfur isotopes

should help distinguishing one from another (Seal, 2006).

Figure 6 (next page)Oxygen and hydrogen isotopic values of hydrothermally altered

rocks from the Vetreny belt and computed isotopic compositions of hydrothermal fluids.

A'i Histograms showing the distribution @O values in common type of samples. The

lowestiit®0 values & interpreted to represent equilibrium with the least modified early
Paleoproterozoic seawater with il€Ov a | ue o f i {i*8D an@l Daalues Blotted

for hydrous samples. The water content in ep
H20 are conislered most reliable (see Discussion). Computed fluids are shown with

triangles based on equilibrium calculations. The shaded and open triangles are computed
based on hydrogen fractionation factors from Graham and Sheppard (1980) and Chacko

et al. (1999) espectively. The average equilibrium fluid (blue triangle) is very close to

modern seafloor hydrothermal fluid$0= + 1 & D=a n0d & Oxyge€and

hydrogen isotopic composition of hydrothermally altered rocks from the modern seafloor
(Kawahata eal., 1987; Kempton et al., 1991) and epidotes from modern seafloor and
ophiolites (Heaton and Sheppard, 1977; Stake
The two epidotes from Hole 504B analyzed here are shown with open squares. Secondary
minerals in eqilibrium with seawater at 300 °C are shown with green crosses for

amphibole (tremolite), chlorite and epidote, and with dashed lines for quartz and albite

(Zheng, 1993; Matthews, 1993; Chaco et al., 1999). Horizontal scatter of the Vetreny belt
rocksiso mpar abl e t®valses ia hytrahermally altéred rocks from the

modern seafloor and can be explained by variable proportions of minerals in equilibrium

with seawater. Very large vertical scatter (dowditB= 17 210 a; pane.l B) is
explainedoy secondary hydration of hydrous minerals such as chlorite by local

precipitation (blue thick line) while large epidote crystals preserved their original isotopic
integrity and were used to compute the isotopic composition of equilibrium fluids.

Fractioration effect of secondary-B® exchange between surface water and chlorite as

well as other phyllosilicates is shown with the grey line (Wenner and Taylor, 1974).
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We used oxygen isotopic equilibrium fractionation to determine the temperature
ofhydrote r mal al t %O, atainodn Gabn dofi t he equi |l i brium f
equilibrium between measur O.imfOs&r al s A and

1 0 0 Qukimtémperaturelependent. To derive equilibrium temperatures we applied the
oxygen isotope calibration from Matthews (1994) for quepiziote and from Matthews

et al. (1983) for quartzalcite. We used the average composition of epidote with
Fe*'/(Fe*+Al) = 0.16 (formula units; see Fig. 4A) for quaegidote fractionation, which

is dependent on pistasite £&°*Sis012(OH) content in epidote (Matthews et al., 1994).
Based on 8 individual quarpidote measurements from samples collected at
Myandukha andsolec localities, the computed equilibrium temperature is between 308
and 387° C (see Table 1). The two samples from the ODP Hole yield computed
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equilibrium temperatures of 303 and 380 °C. Quadtizite fractionation in samples

(VB8A and VB14C) yieldedegmperatures of 375 and 286 °C comparable to quartz
epidote equilibrium temperatures from the same samples. In one sample (#1321; Table
1), quartzcalcite fractionation yields temperature of 79 °C, which we consider
unrealistically low and possibly relatéal alteration and the small (< 0.5 mm) grain size

of calcite in the sample compared to samples VB8A and VB14C. Using a different
guartzcalcite calibration (Sharp and Kirschner, 1994), the same samples yields elevated
temperatures ranging between 582 °@ 366 °C. We prefer to rely on quagpidote
fractionation since it yields consistent results for multiple samples and both quartz and
epidote are more resistant to alteration (via dissolution, recrystallization) compared to
calcite. Moreover, quarepidote calibration (Matthews, 1994) yields systematic results
consistent wi t¥Oodffeidspreaswed in medsrn lydrathertal
systems (see Pope et al., 2014). The close match of homogenization temperatures
measured in fluid inclusions and teemptures computed from quagpidote equilibrium

is a good indicator of preservation of isotopic equilibrium between minerals and fluids.

Figure 7(nextpage)Ef f ect s of secondai%y khYvalesifon on t
hydrothermally alter@é rocks from the Vetreny belt AUD val ues and water ¢
anal yzed samples. Secondary hydration i s man
correlation betweed and HO wt . %. The reconstructed UD val
exchangedi Dwith meteoric water at low temperature is shown. Epidote separates

however were much less affected by secondary hydration except epidotes with > 2.0 wt.

% water. The dashed blue line defines an approximate trend of secondary hydration of

epidotes. B T h €20 filotted against ¥D wt. % shows no significant trend in samples

with water content above 1 wt. %. The aver&tf® value of altered komatiitic basalts is

shown with the Dbfowauesiohtsehroeks aré domtrelled byl h e i

proportion of majominerals in the sample.CT h €*Op pl ot t ed against the
altered komatiitic basalts and epidotes es
H.O exchange, altered komat i t®valoe Epalstes | t s st i |
that aremuch less susceptible to alteration of hydrogen isotopes and plot near the

composition of modern seawater.
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Next, we used quarwater and epidotevater calibrations (Zheng, 1993; Sharp et
al., 2016; Graham and Sheppard, 1980; Chacko et al., 1999 tmp u t 80 tamed i D

t he

equil i brium

fluid

b algo@adz.l' t68®epidote he

comput ed

equilibrium fluids are presented in Table 1 and are plotted in Fig. 6B. The computed

equi | i"®midvwarh ute s

equilibrium

vary
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betweei8 0 a and +27 a based on LHMWI)and!| i br ati on
betweeri9 9 and +12 a when the calibration from C
applied. The uUD fractionati8B0bACweésnabépiutiof
a (Graham and Sheppard, 1980), antgdforthe ght sui
salinity of equilibrium fluid. The same procedure was applied to the 2 samples from Hole
504B (Table 1), with the dOuymawntdeidbBaggui | i br i u
very similar to those computed for the Vetreny belt. The unceagdsifdr equilibrium
temper at®mueasr ean\d 15 AC and N 0.7 &, respecti
uncertainties, uncertainties in quavtater fractionation (Sharp et al., 2016) and th& Fe
content range (0.16+0.05; Fig. 4) in the epidote. 8t | mat ed uUmigieHx t ai nty
11 a8 defined by the uncertainty in fractiona
temperature estimates and our UD measur ement
using Monte Carlo simulations.

5.4 Tripleoxygen isotope compositions

T h e®Ou Mjn'tD vajulg of 18 samples of quartz, epidote and altered whole
rocks of the Vetreny belt as well as samples from the ODP Hole 504B are reported in
Table 2. We also report one sample of MORB from Hole 504B, LebatGxperienced
a modest extent of submarine weathering orfo@ mper at ur e al t%r ati on w
= 6.323%7@ =andoO.gd63 & which is very similar t
compositions of fresh and weathered MORBs (Pack and Herwartz, 2014; Sengupta and
Pack, 2018).

We used |linear regr e8poan d®ojabtyderivs of coe
the average Vau € 0 f quad:Bid@e® h @ Ut o  ¢%@ &ndost 'O af equilibiiuNg
fluids. We estimated the average equilibrium temperature for all studied samples and
their duplicates as 333 = 30 °C (mean + 3 standard errors) based on the mean value of
1 0 0 QuhrAapkibte(Fig. 8). This was done to address the small variations in the
1 0 0 QuhrAapkbegiven by multiple measurements (see Table 2) and to produce a more
accurate estimate of equilibrium temperatures that vary within a narrow range (Table 1).
The me a¥@ r aand® vahlR$ are displayed in Fig. 9A along with the computed
equilibrium fluids at 333 °C (Fig. 9B) based on previously published guater triple
oxygen isotope fractionation (Sharp et al., 2016; Wostbrock et al., 2018). Thatedmp
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temperature estimate (30 °C) and uncertainty given inrétotidnation factors.

Table 2. High-precision triple oxygen isotopic analysis of hydrothermally altered rocks

and minerals from the Vetreny bel't
VSMOW.
Sample material ('O SE o SE 1o, Ese o SE
ODP Hole 504B

70-48R altered

20-22 basalt 3.297 0.010 6.343 0.003 3.292 6.323 -0.063 0.010

83-80R,

106-108 quartz 4986 0.011 9.553 0.002 4974 9.507 -0.070 0.011

83-80R,

106-108 quartz 4.740 0.009 9.089 0.004 4.729 9.048 -0.071 0.009

83-90R, altered

71-72 basalt 1.529 0.011 3.079 0.004 1.528 3.074 -0.102 0.011

83-90R,

148149 epidote 1.782 0.013 3.465 0.003 1.781 3.459 -0.055 0.013

83-90R,

148149 quartz 4478 0.008 8.606 0.004 4.468 8.569 -0.077 0.009

83-90R,

148149 quartz 4.307 0.007 8.232 0.004 4.297 8.198 -0.052 0.007

83-90R,

71-72 epidote 1.253 0.009 2.409 0.004 1.252 2.406 -0.024 0.010

83-90R,

71-72 epidote 1.219 0.009 2.353 0.003 1.218 2.351 -0.029 0.009

83-90R,

71-72 quartz 4.728 0.008 9.171 0.003 4,717 9.129 -0.126 0.009

83-90R,

71-72 quartz 4.331 0.013 8.320 0.004 4.321 8.285 -0.074 0.013

Vetreny belt

GO-22 epidote 0.916 0.014 -1.701 0.005 -0.917 -1.703 -0.013 0.015

GO-22 quartz 2.490 0.011 4,795 0.004 2.487 4783 -0.050 0.011
altered

GO-25 basalt 0.700 0.014 1.408 0.004 0.700 1.407 -0.047 0.014

GO4 epidote 0.215  0.005 -0.321 0.003 -0.215 -0.321  -0.045 0.005

GO4 quartz 2.509 0.008 4.851 0.002 2.506 4839 -0.061 0.008

VB-14C quartz 2.387 0.010 4.629 0.003 2.384 4619 -0.066 0.010

VB-24 epidote 1.340 0.010 2.572 0.005 1.339 2569 -0.024 0.010

VB-24 quartz 4.333 0.011 8.326 0.005 4.324 8.291 -0.075 0.011
altered

VB-25 basalt 1.596 0.007 3.150 0.003 1.594 3.145 -0.074 0.007

VB8A epidote 1.534 0.011 2.989 0.004 1.532 2985 -0.051 0.011

VB8A epidote 1.539 0.010 2.986 0.004 1.537 2982 -0.044 0.010

VB8A epidote 1.139 0.012 2.148 0.008 1.138 2.146 0.000 0.012

VB8A quartz 4.496  0.009 8.696 0.005 4.486 8.659 -0.107 0.009

VB8A quartz 4.493  0.008 8.591 0.003 4.483 8.555 -0.056 0.008

VB8A quartz 4.328 0.012 8.319 0.007 4.318 8.285 -0.077 0.013
altered

VB9 basalt 1.445 0.009 2.884 0.003 1.444 2.879 -0.083 0.009
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Figure 8. The U RQ values of coexisting quargpidote pairs are plotted to estimate the
average equilibrium fractionation expressed through the regressian‘ffpgiar.=

1 0 0 Qubrdaplibet &dNjiote The quartzepidote equilibria at 300 and 400 °C are
shown with black parallel lines (Matthews, 199%he regression line defines the average
val ue 0 dartzelic8 078 1 W19 (1 standard error). The data points connected
with solid black linesepresent measured duplicat€le inset shows that the estimated
val ue 0 diatzetid@ofdsponds to the equilibrium temperature of 333 °C using
calibration from Matthews (1994). The propagated uncertainty is £ 30 °C (3 standard
errors). The asrage xF& content of epidotes from the Vetreny belt and Hole 504B

varies between 0.16 and 0.25 playing a minor role compared to the uncertainty of £ 30
°C.

5.5 CL i rfe gates maasuded by SIMS

In cathodoluminescence (CL) images, the sampleiof quartz from the Vetreny
belt (VBS8A) i s dalkTha8IMS nreasmengrscollected fiom U
spots distributed over ¥®0= 08n 2apfara. lyizl(dn aw
guartz crystal from Hole 504B8-90R, 7172) exhibits zaming in CL images with the
evidence for dissolution, fgrecipitation, and healing of cracks (see Fig. 9D). Majority of
the crystal is bright in CL images,®while he
values measured by SIMS in thissampleisbee en 6. 6 an dbrighbpar®& a. The
hav# walues of 8.0 Ndar8& #&eé@hed 82pckThar €L
heavier than th%®t vawiuthofhd5avelNa@ge 5048 (n =
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Figure 9 (next page)A - Triple oxygen isotpic composition of altered basaltic rocks,
epidotes, and quartz from the Vetreny belt and recent oceanic crust sampled by the ODP
Hole 504B. The main reservoirs of oxygen such as seawater (VSMOW) and MORB
(Pack and Herwartz, 2014) are shown. Meteoric waterconstructed after Luz and

Barkan (2010)Seawatederived fluids should plot between VSMOW and the mantle.
There is no significant difference between most samples from th 2435a Vetreny

belt and modern oceanic crust implying that they formesuilibrium with seawater
derived f Il %0 d& .®uetwsmahfadionation, epidotes must be
especially reflective of thgd'’O values of equilibrium fluidsQuartzVSMOW

fractionation curve (solid black line; Sharp et al., 2016) shoatsythO values of quartz

are too low to be in equilibrium with pristine seawater or shifted seawater except the two
samples that connect to the grey line between VSMOW and MORB. The error bars
represent 2 standard errorsi B s t i m8Q eadri'@ ofequilibrium fluids from the
Vetreny belt and Hole 504B based on quavter fractionation at 333 + 30 °C. Based on
the lowestli 'f@ values of epidotes and computed equilibrium fluids (blue cloud), we
suggest that pristine 2.43841 Ga seawater hadfpof 1T 1. 7gg'®o&and 0. 001 &
(blue diamond) which is similar to the values of seawater in thizgeeworld.

Measurements of modern seawater (Luz and Barkan, 2010) are shown with the open
di amond and error bars ( 210)YesentBydrathekmals ol i d | i n
fluids at different waterock ratios as shown in the right corneri The lowgd'’O

values measured in quartz samples capavgally explained by crystal growth at

different temperatures without competeeguilibration with the flid. A mixture of low

T (25150 °C) and higfT quartz (400 °C) forms an array of compositions that is concave
up in these coordinates. A composition with 10 % of-Toguartz is shown. The ranges

of 80 values measured by SIMS are shown with pink vertical bandsi*f@e/alues
measured in the healed cracks {@drk) from the Hole 504B quartz crystal are consistent
with the low temperature of formation (~150 °C) in equilibrium with seawdgeared

fluids. Di The CL-image of the 1 mnatong quartz crystal from the Hole 504B (sample
83-90R 7172; see Table 2) which shows that dissolutiorpreeipitation, and healing of
cracks occurred at different temperatures as manifested by different:®Ohealues
measured by SIMS in Cbright and Ckdark (healed cracks) parts of the crystal are
shown.
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6.0 Discussion

6 . YO values of hydrothermal fluids

Good agreement between homogenization temperatures andepiddiz
equilibrium temperature estimates (Fg.Table 1), as well as the internal agreement of
guartzepidote estimates (Fig. 9), suggest these temperatures can be reliably used to
calculate equilibrium fluids. Most of the computed equilibrium fluids from the Vetreny
belt Wawé @& N i2s anotwhsiicghni f i c a'iOotvdlug di f fer ent
modernday seawatederivedhydrothermal vent fluids (Shanks, 2001) that are slightly
shifteddue to the isotopic exchange during high temperature interaction with(rdtks
t o + Shanks, 2001). Thus,h e | %®wadues inlthe range of equilibrium fluids
are the closest to seawater due to minimal effect of interaction with keksuggest
that the Vetreny belt rocks were altered at wabek ratios similar or higher than
modernday submarine baks, and thus, experienced the same or smaller amount of

isotopic shift. Most of the analyzed rocks from the Vetreny belt were collected within
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pillow structures and hyaloclastites that contained large volume of voids, and that became
filled in with quartz epidote, amphibole, and other minerals bearing evidence for direct
contact with fluids (Fig. 2B). The high hydrologic permeability of pillow basalts and
hyaloclastites with void spaces and fractures'#1@*! m? measured in the Hole 504B;
Alt et al., 1996) promotes flow of seawater along them resulting in alteration at water
rock ratios with minimized isotopic shift (DePaolo, 2006). In Figure 10 we show the
effect of isotopic shift for hydrogen and triple oxygsotope systems at variable water
rock ratios as calculated using the static rtsdance approach (Taylor, 1977). Using
these calculations, we estimate that in modern hydrothermal systems the fluids
experienced wateaock ratios between about 0.5 and 5tide wateirock ratio of 5, the
0 of fluid is shifted only 0.3 &, which wot
of seawater. Th%® MVawest atompet ¥détideny belt i
can est i¥ohealueof 2401 Ges e awat er to be around T1.7
seawater of the ieree world (Shackleton and Kenneth, 1975).
I n agreement with the compudeauesandui | i br i u
mineral assemblages of altered komatiitic basalts and gabbroshiedim32.41 Ga
Vetreny belt ar e s tY¥Oiskimarinelbasalts iocks thabweret o t he |
hydrothermally altered at temperature above 250°C (Fig. 6B). We attribute abundant low
80 values in the komatiitic basalts to pervasively high teatpezs (308400 °C) of
alteration in the intracontinental rift. A steep geothermal gradient due to storage and
eruption of hot (1400°C) higlmagnesium melts (~150 °C hotter than modern MORBS)
within the slow spreading continental rift would facilitate tigh temperature of
hydrothermal alteration. Presence of numerous subvolcanic mafic intrusions within the
belt (see Fig. 1) support this suggestion.
6 . 2 *Thvaluespof hydrothermally altered rocks
Mass dependent fractionation of triple oxygen isotopesveen minerals and
water is controlled by the temperature of equilibrium and the identity of minerals which

determines respective fractionation factors

[ [ (3),
wherelJand®%) ar e Y% iord®@/®iri a mineral to that in water. The
value of d defines the sl ofosu¥@spaeeggui | i bri um
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varying in nature from ~0.5 to 0.5305, increasing with temperature and depending on
kinetic/equilibrium type of fractionation process (see Bao et al., 2016 for review). The
equilibrium fractionati on®i sansgud¢BHtenhat nmipner
compared to water (e.g. Zheng, 1993; Sharp et al., 2016). At infinitely high temperatures
the U values approach 1, and the d approache
order observation, epidotes from Hole 504B and the Vetreny belt, whitkedowithin a
similar range of t e M®ealuastsuggestngtheosimiarityoi p i n t h
opt’O of moderrday and the early Paleoproterozoic seawdégived fluids (Fig. 9A). In
this study we emphasize that especially useful comparisonecdratyn using epidotes,
b e ¢ a u SefiotewhieHaetor (3 very close to 1 at 390 °C (100010 & 0 & ;
Zheng, 1993). At these t epeauesoffluidsand t he di f
minerals approach zero (Hayles et al., 2018). Thus Xygen isotope values of epidotes
can serve as a direct proxy for that of the fluid. This is reflected in general agreement
b et wé®® malues Nf computed fluids and measured epidotes (see Fig. 10). Epidotes
both from Hole 504B and the Vetreny belt pletween modern seawater and the mantle
(Fig. 9), which suggests that they likely formed in equilibrium with seavestieved
fluids wtd® hvdlnid icallosge to 0 a. Hydrother mal
produces po0andnegativesshit f¥Owalups compared to pristine
seawater. Two epidotes from % gighWdowareny bel t
than VSMOW (Fig. 9A) could be reflective of smaller degree of modification of original
seawat eO wi T A. ®'Onf ammWout T0.001 &. The alter
basalts that are composed amphibole, chlorite, quartz, epidote, and other minerals, have
opt’O lower than that of epidotes perhaps due to larger fractionation between the
constituent minerals (especially quartz) avater compared to pure epidote.

Triple oxygen isotope fractionation between water and quartz is much larger
compared to epidotes and it has been recently calibf&tétartzwater=1.0061.007 and
d = 4{0.523 & 80890 °C (see Eqg. 1; Cao andul.2011; Sharp et al., 2016;
Wostbrock et al., 2018). Thus, quartz in equilibrium with pristine seawater must have
PO between 710.030 and 10.020 & relative to
However , t hB&’0vagsofranalyzgd qualtz frqm the Vetreny belt and Hole
504B are too low to be in equilibrium with seawater at any temperature (Fig. 9A). Two
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samples of quartz can be explained by equilibrium with shifted seawater at low water
rock ratios (Fig. 9B). Weuggest two possibilities that can explain this observation: i) the
isotopic shift in equilibrium fluids was caused by phase separation in addition te water
rock interaction; ii) analyzed samples represents a mixture of &ighlowtemperature
guartz; ii) the triple oxygen isotope fractionation that was originally calibrated using low
temperature equilibrium, between 4 and 100 °C (Sharp et al., 2016; Wostbrock et al.,

2018), could not be accurately applied to higher temperatures.

Figure 10 (next page) The expected isotopic shift i@ (A), 3’0 (B) andli DC) in
hydrothermal fluids in a closed system plotted at variable mass-wateratics with

initial compositionof fluids as shown with curvesmodern seawater 2.432.41 Ga
seawatea nd met eor i wa i dhe grdyishabed tegion around the solid
black line represents glacimiterglacial variation for each isotopic paramet@&he
composition of the 23t2.41 Ga seawater is approximatedthg ice-free world seawater
(Shackleton and Kennet, 197%¢cuyer et al., 1998Sengupta and Pack, 2018)he
isotopic shift in the fluid is computddr each isotopeising mass balance approach from
Taylor (1977): Kwatetcwateﬁ (1‘Xwater)Crock) fidid = XwateCwatetUwater + (1'Xwater)Crock( bk T

1 0 0 Qodkward), Where xwater is the mass fraction of initial watee,is concentration of
either hydrogen or oxygeq,is the isotopic composition of shifted fluid, initial water and
rock (MORB). The water/rock ratio (W/R) is expresseatigh xwated (1-Xwater). Thefluid

in equilibrium with MORB is computed based on the values 1G0ckwates
100018 W ockwatera N Gockwile 0 T T 3 @  &@nd 0.529, respectivelfhe (%0 and

U Dvalues in modern hydrothermal fluids are shown with pink dashed lines (Shanks et al.,
2001), indicating that wateock ratios at submarine hydrothermal systems vary between
0.5 and 5 (greeshaded area at the bottom pl@ased on high permeability dfd studied
rocks, we suggest that the Vetreny belt might represent hydrothermal system that operated
at comparable or higher watasck ratios. The lowesi R values of equilibrium fluids

and epidotes likely represent seawater values with minimal isosbit close to the ice
freeworldiit®Ov al ue of around T11.5 & ( Spt'®valuéset on
of equilibrium fluids computed from quartzater calibration (Sharp et al., 2016) are too
low to be explained by shifted fluids as discussediscussion 6.2. Due to small
fractionation, theqd!’O of epidotes may be used as a direct proxy for ditéO in
equilibrium fluids. The highesty*’O value of epidote should be the closest to pristine
seawater, thus, indicating that the 221381 Ga seawater hagd'’O very close to that of
modern seawater. Similarly, the highésbvalues of computed equilibrium fluids are very
similar to thell Dvaluesof modern seawater.
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Even though higltemperature boiling and phase separation have not been studied
for triple oxygen isotopes, we suggest that together with wabtdrinteraction these
process might have contributed to the negajivé shift in hydrothermal fluids due to
the slope of vapebrine fractionation is smaller than the reference line 0.5305 (see Fig.
9B). We propose this to be a possible mechanism because we observe that fluid
inclusions trapped in quartz consist of brine wapor (Fig. 5) recording phase separation
of the hydrothermal fluid. The mda%®i mum expec
bet ween fluid and vapor phase isg@gtQ & (Shmul
shift could be as | oftrineafrom vafor ifd3cesdractionations ep ar a't
with very shal |l ow/Ostf®ppace (seeFFig.®R).6) i n t he UN;
Alternatively, systematically lowgd'’O values could be attained by quartz that
grew at different temperatures without completegeilibration with the fluid. Unlike
epidote (Bird and Spieler, 2004), quartz is stable over a wide range of temperature and
can grow from highand lowtemperaturébelow 100 °C; e.g., Wostbrock et al., 2018)

hydrothermal fluids attaining very log'’'Ov al ue s, reaching 10.25 a i
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with seawater at 25 °C (Fig. 9C). Mixing hitgmperature and lowemperature quartz
creates an ar r ay®ot pHQ spaces thus gieldog! Oealuesp i n U
lower than equilibrium curves (Fig. 9C). This process can be exemplified by the
cathodoluminescence (CL) image of one of the quartz samples from the Hole 504B,
showing a complex history of growth involving siidution and reprecipitation (Fig.

9D). Since Ctbrightness is controlled by Ti concentration in quartz with the partitioning
being strongly dependent on temperature (Wark and Watson, 2006), dissolution and re
precipitation likely occurred at differergrhperatures as manifested by thelsight

crystal with Cl-dark healed cracks and outermost zones (Fig. 9D). Assuming that the
guartz grew from the same shifted seawater, a combination of quartz that formed at 350
400 °C with about 1040 % of lowtemper#&ure quartz (25 150 °C) would account for
most of O katues! Quavtz with minimal amount of ldamperature
overgrowth woul d {OfamdhighesgpVCevaluesh yieldihgdhe mest U
accurate equilibrium temperatures and fluids. ginresults could be obtained with
respect tO valuds by changmg the composition of equilibrium fluids or/and
including multiple sets of higkemperature and losemperature overgrowths.

In order to gain a better insight, we conducted drpnearyin situanalysis by
secondaryjon mass spectrometry (SIMS) of quartz from the Hole 504B and Vetreny belt
which showed tha¥oOaT@st,cragsteali sghaedé!| Gwith
fluorination measurements. The dark healed cracks in the gtacrystal from Hole
504B (Figl®od@dmL6e6havendicating | ower equilibri
°C) supporting our suggestion that at least some of thedd® values in quartz can be
a result of mixing between highnd lowtemperature quartz.

Most importantly, the similarity between the values of ancient and recent
submarine hydrothermally altered rocks, especially in epidotes, is a convincing evidence
thatthe 242 . 31 Ga s e'éOwlade o ithat bfandderqpseawater. The highest
p’Oand t h e®®dvaluesos dpidoies are likely the most reflective of alteration
by seawater at higivater ratios (Fig. 10). We suggest that direct measuremeqi5 of
values in hydrothermal fluids could be useful, providing insights in the subsurfac
processes at hydrothermal systems, and validating the application ofwatgtz

calibration.
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6.3 Recognizing primary uD values
Hydrogen isotopes in hydrous minerals are much more susceptible-to post

depositional alteration than oxygen isotopes gxer and Kerrich, 1991). Thus, not

surprisingly, the 4D values in bulk altered
scatter (between 17210 and 71 50%¥Gvplues.ompared t o
Meanwhile, most of the coarse crystals of epidoteh ave much small er rang
(between 156 and 18 a; Fig. 6B). We attribut
D values in bulk samples to secondary excha
waterrich phyllosilicates at low temperaturewlt h causes | arge negati v

(Kyser and Kerrich, 1991; Wenner and Taylor, 1974). Chlorite contains up to 13 wt. %

HO and thus, contributes to the 0D valwue of
compared to other less hydrous minerals. Thespecially noticeable by the negative

correl ati on pOertwhdaeeatk saniplesa(lrigd 7).HThe small grain size

(<10 em) and | arge surface area of chlorite
enhances secondary hydrogen isotope exchdriger &emperatures, which could have

occurred at any point between 2231 Ga and now (Fig. 7).

We attempted to reconstruct the UD of pur
the | ow UD values in our sampl ete(seeFip.8se r ock
and XRD data; Tabl82) accounting for ~1 wt. % #D in the whole rock. Since there is
about T100 a fractionation at | ow temperatur
phyllosilicates like serpentine, kaolinite, and chlorite (Taylor and Wenf@&d; Kyser
and Kerrich, 1991), we hypothesize that hydr
180 and 17T110 a to produce values between 118
This is in good agreement with eawdwt%f the |
water and chlorite content between 10 and 25 wt. %. While modern day local meteoric
water with the range of values betwéé®andi1 00 a ( Bowen, 2010) <can
of the | ow UD values, we shoul dexchangee i on t he
between chlorite and meteoric water at any point after the original hydrothermal
alteration including the cold climate of subsequent Paleoproterozoic snowball Earth

episodes.
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In this work we are able to rely on large crystals of epidotes witR.D.wt. %
water and consider them as primary recorders of hydrogen isotopic composition of
seawater. Any alteration or addition of chlorite can be recognized by elevdded H
content. For exampl ll19n& a&md dod eevatédred da 2 1IDi
amount of water (2.1 wt. %) which is the upper limit of the accepted range (Fig. 7B), and
thus is considered to be an outlier that was either altered or contains inclusions of
chlorite. Epidotes with 02.0 whge%ofWwati®r ar e

values, between 1732 and 18 a (see Fig. T7A).
hydrothermally altere®Orart®sajesiwhichmakes v aff ec
triple oxygen isotope anal ysfOofoagingdwateer f ul t o

involved in hydrothermal alteration (Fig. 7C).

6. 4 Tuvaleesolinpdrothermally altered rocks and fluids

Reported values of U4D in epidotes from mo
O6Neil, 1982), ophi ol 77tHarper €t #1.21888;d-onnetamdd S h e p p a
Jorgensen et al., 2005), as well as epidotes from Hole 504B measured here (Table 1) have

<

ery similar ranges of values, between 140 a
D me a s u r-peedervedrepideted fromthee t r eny bel t, bet ween 15

-

Fig. 6C). The computed uUD valwues of hydroth

~ <

a which is not distinguishable from the mode
overlaps with comput ed U D(seealbbled) Thé anaicet he Hol
of fractionation factor (Graham and Sheppard, 1980; Chacko et al., 1999) creates a

discrepancy ofabout~#®0 &a (see Fig. 6); we favor the f
and Sheppard (1980) because it accounts for the salirgtyuilibrium fluids. The range

of computed UD valwues is then between 136 an
content O 2 wt. % have the highest UD values
fluids to the range ofa uiDTakllaaek) beTwesa Vdl2
be very close to that of pristine seawater as hydrogen is contained in minute amounts in

igneous rocks. As indicated by the high salinity of fluid inclusions, phase separation of
seawatederived hydrothermal fluid took pta during the eruption of the komatiitic

basalts, potentially fractionating hydrogen isotopes. However, fractionation of hydrogen

isotopes between vapor and brine at igg mper at ures (above 200 AC)
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(Horita and Wesolowski, 1994; Shmuloviehal., 1999; Shanks, 2001). The range of
computed UD values | imits significant contri
alteration of Vetreny belt rocks, because me
i'®0) values (see Fig. 6B). Wethusico |l ude t hat the UD value of
Paleoproterozoic seawater was very close to that that of modern seawater within the
range 0 N 20 a.
6.5 WonhéQpuiand UD of seawater through ti me
Ourmulti sot ope studf0o,gil'@dndatiBsvahaesiof the
Paleoproterozoic seawater were close to zero. The results are corroborated by previous
Ut®0 studies (Fig. 11) of bulk rock samples from the ~3.8 Ga Isua belt, Greenland
(Furnes et al., 2007) and the 2 Ga Purtuniq ophiolite, dza(tdolmden and
Muehlenbachs, 1994). The more detailed oxygen isotope investigation involving mineral
pairs and fluid inclusion analyses of the 2.43 Ga submarine Ongeluk volcanics from
South Africa (Gutzmer et al., 2001; Gutzmer et al. 2003) also inditateeawater had
th¥ tvalue of 0 N 2 4&.
From massbalance considerations, the oxygen isotopic composition of seawater
on the time scales of tens of million years is controlled by inputs from hydrothermal
alteration at miebcean ridges and continentatathering, and to a lesser extent by
submarine weathering (Holland, 1984; Muehlenbachs, 1998). Faster than modern
spreading rates woul d® ofsdawateri, whiteislbwercratest | y af f e
woul d | e ad?®qand posaigee O values (Holland, 1984; Sengupta and
Pack, 2018)Similarly, an increase in input 6O from continental weathering
throughout geologic time, for example, due to growth of continental crust, its rapid
emergence at the Arche&moterozoic boundary (Taylor and Mennan, 1985;
Bindeman et al ., 2016; Bindeman et al ., 2018
and positive shiftsp!’O of seawater (Muehlenbachs, 1998; Sengupta and Pack, 2018).
Our results sugge ¥ andgh'@df seawatermpties thatthea ncy of

C«

Paleoproterozoic plate tectonics, particularly spreading aboedn ridges and

continental weathering, operated in a similar way as it does today.
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Figure 11 (next page)A i The secular trend af®0 values in seawater as recorded by
equilibrium fluids computed from submarine hydrothermally altered rocks (diamonds and
vertical bars) and carbonates (grey circles). I}i@ values of equilibrium fluids are

from ophiolites: Troodos (Heaton and Sheppa#8¥,7), Senail (Gregory and Taylor,

1981), Josephine (Alexander et al., 1993), Erquy succession (Lé&xtalel9%),
SolundStavfjord (Fonnelandorgensen et al., 20QBettsCowve (Turchyn et al., 2013)

and Bou Azzer (Hodel et al., 2018)he more recergeawater is recorded by dredged and
drilled submarine hydrothermally altered rocks from modern segifdoet al., 1986;
Altetal.,, 1995 St ak es a nahd tiiistsiNdy). The grekrdbarg indiaategh
estimates ofi*®0 of seawter based on patterns of distributioni®iO values in sections

of ancient oceanic crust: 2.0 Ga Pirtuniq ophiolite (Holmden and Muehlenbachs, 1993)
and 3.8 Ga Isua belt (Furnes et al., 2007). The Vetreny belt (purple diamonds), almost
contemporaneous Witthe Ongeluk volcanics (Gutzmer et al., 2001), represents one of
the oldest records of preserved isotopic equilibrium with seawater. The @st

values of equilibrium fluids suggest that the value of seawater stayed betweeman d 0 a
forthe mostof he Eart hdés history, while the carbone
in theG*®0 value of seawater over the course of geologic time (Prokoph et al., 2008). B
The secular trend afD of seawater as recorded by epidotes, chlorites and antigorites
formed in submarine hydrothermally altered rocks. The evolution of seailatedues

is after Pope et al., (2012) with curves for epidote, chlorite and antigorite going parallel to
that with the offset based on té® values in the recent submarine rockse Metreny

belt epidotes have the Dralues very close to modern submarine epidotes, likely
reflectingthell v al ue of ~ 02.4& Ga. Sincd ahtigorites. addIhlorites are
susceptible to secondary hydrogen isotope exchange at low temperaturesa(iyse
Kerrich, 1991), epidotes represent the best available recardefolution of seawater.

The compilation of antigorites is adopted from Pope et al. (2012) and references therein.
Phanerozoic submarine chlorites and epidotes are from the sameaes$emsrior the

it®0 values. O Generalized evolution of atmospheric oxygen in equivalent of present
atmospheric level (PAL), relative change in hydrogen escape ratég®@ndalues of

shales with supercontinent assemblies and episodes of global greciatmosed (after
Zanhle et al., 2013; Lyons et al., 2014; Bindeman et al., 2016).
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These longerm trends may carry shegrm (0.020.1 Ma) Milankovichscale variations.
The®Oltvalue of 0 N 1 & of seawacarbonatess recor de
reflecting variations in the ocean temperature, and amount of water locked in continental
glacial ice (Imbrie et al., 1984; Schrag et al., 1996). The supposedly large amount of
continental glacial i ce st o rtheedisodeawobldr t hds s u
leadto23 & hi d¢® eceans; this aifect would be courbalanced by the
opposite isotopic effect of séee formation, together not contributing to a significant
s hi f t % of seawater (s&e discussion in Bindeman angd2@48). Our estimated
U0 andgdt’O values of 2.42.41 Ga seawater are close to the estimated seawater
composition during warm climate of the ifree Cenozoic (Shackleton and Kennett,
1975; Sengupta and Pack, 2018). The evidence from the Vetrenwliddtes the
assumpti ons mad e ¥pmeteoric wates (hsyow t3h5a td )| owna sii
formed by evapor aO cn 0o fa.s elehvea tref@ owidt o fi s uc |
met eoric water i s pr oXOiBdladriabbelt rockséBindema v a | ul t
et al., 2014; Herwartz et al., 2016; Zakharov et al., 2017; Bindeman and L8, 201

Our measurements of wadreservepidotes from the 2.43.41 Ga Vetreny belt
provide the oldest robust evidence for UD &
estimates of the hydrogen isotope composition of Precambrian seawater were based on
samples containing easily exchangeabl e water
the 2.0 Gachloritb ear i ng basalts constraining the 0D
et al., 1996), and serpentines from the 3.8 Ga Isua belt suggesting that the early Archean
seawater was about 25 a |lighter in uD (Pope
waterrich phyllosilicates such as chlorite and serpentine are poor recofdwiginal
equilibrium fluids due to susceptibility to secondary isotope exchange with ambient water
at low temperature. Our results suggest that thetemg evolution of the hydrogen
isotopic composition of seawater is controlled primarily by hydrotiaé alteration at
mid-ocean ridges, subduction, and water outgassing at subduction zones. The variability
in the rates of these processes might contri
(Lécuyer et al., 1998). Significant decrease of ocean volumaaminpanied increase in
the seawater UD due to net mantl e regassing

by 2.432.41 Ga as indicated by our results. Additionally, in the Archean and early
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Paleoproterozoic oxygemoor atmosphere, the hydrosphere \kady subjected to

intense hydrogen escape, which is one of the proposed mechanisms that caused

atmospheric oxygenation of our planet (Zahnle et al., 2013). Through water photolysis,

H escape from the planet i s gaoésadwater t han de.
become progressively higher with time (Lécuyer et al., 1998; Pope et al., 2012). Our
results are most consistent with-2d4leGawater ha
which suggests that most of ¢tlyehetmethe ogen | os
Vetreny belt formed (Lécuyer et al., 1998; Zahnle et al., 2013;). The isotopic composition

of palecatmospheric Xe trapped in the quartz veins studied here is also consistent with

most of hydrogen escape occurring prmt43 Ga (Aviceet al., 2018).

The sedimentary record, however, suggests different conclusions: ancient
carbonates and cherts siOowoarsetspomgi ageaaody ait
from 3.5 to 0O Ga (Fig. 11A). Th¥osvaluefoser vati o
seawater in the Pr &0 mondedbyancierd ltydrathermallihn an t he
altered rocks (see Jaffrés et al., 2007 for details). From almaéssce perspective, these
shifts are possible by adjusting sinks and sourc&¥oin the ocan. Several models
have been proposed to address possibletiermy shifts in the sinks and sourcesi
over the geological time scale relating them to the cycling of water through subduction
zones, mantle degassing, increasing ocean depth and develagrpelagic sediments at
mid-ocean ridges (Wallmann, 2001; Wallmann, 2004; Kasting et al., 2006; Korenaga et
al. 2017). In such case, the high temperature hydrothermal systems are decoupled from
t h ¥O ai seawater and could not be used to constraiodimposition of ancient
seawater. However, this would be inconsistent with results from elsewhere, for example,
from low-t0 hydrothermal systems charged with meteoric water (e.g. Taylor, 1977;

Pope et al ., 2014% inseavwatr cédalsobé explainédroyenmudh o f U
higher temperature of the Precambrian ocear9(B0C; e.g. Robert and Chaussidon,

2006) which is often portrayed as implausible for sustaining life. The main argument

contradicting the sedimentary record has been the sustigptibcarbonates and cherts

to recrystallization during di af@@rdsi s in op
i D; Hren et al ., 2009) to |l ower values. Toda

body of clumped isotope studies that can resdleestfect of diagenetic recrystallization.
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Well preserved carbonates suggest that the temperature of ocean did not experience
significant V@®roatseawanad shayé&d within N 2
Phanerozoic (Eiler, 2011; Cummins et 20]14) potentially bridging the gap between the
sedimentary record and hydrothermally altered rocks.
7.0 Conclusions
1. From the stratigraphic context and geochemical data presented here, the 2.43
2.41 Ga Vetreny belt rocks likely recorded interaction withtemporaneous seawater.
Based on average homogenization temperatures of saline fluid inclusions and oxygen
isotope thermometry, komatiitic basalts were hydrothermally altered at temperatures
ranging from 300 to 390 °C.
2. Our data are the most consistent Wi t®\alueldf the 2.42.41 Ga
seawat er b e i%Ogfsealvates ie thet pleidtobene icéree world. This
result is supported by similar studies of Paleoproterozoic and Archean submarine
hydrothermally altered rocks.
3.T h eYOgealuesmeasured in quartz and epidotes from the Mioce+reN&)
hydrothermally altered oceanic crust as sampled by ODP Hole 504B are very similar to
those measured from the Vetr eWQvaliesimtlar i ndi cat
to modern. Due to smdlactionation at 306890 °C, epidotes are a good direct proxy for
the ot ‘O of equilibrium fluids. Quartz hag'’O values lower than expected from
equilibrium fractionation (Sharp et al., 2016; Hayles et al., 2018). This could be
explained by presence laiw-temperature overgrowths and healed cracks in quartz which
produces mixed compositions with lay!’O values (see Fig. 9C).
4.T h e valuBs of large and unaltered epidotes presented here provide one of
the earliest evidenceda, ofi me hwa tdayovaluwh € h md B e o
of seawater. This indicates that i f a signif
due to hydrogen escape and net mantle regassing (Kurokawa et al., 2018), it must have
happened by 2.43.41 Ga.
5. Our study verifis the previously made assumptions about the plausibility of
obt ai ni n &0 mdtebric wdteos whroiigh hydrological cycle involving

evaporation of the early Paleoproterozoic seawater withnear’®, d t D@nd o
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values (Bindeman et al., 2014; Mertz et al., 2016; Zakharov et al., 2017; Bindeman
and Lee, 208).
8.0 Bridge

Chapter lllinvestigates products of submarine hydrothermal alteration of the
2.432.41 Ga komatiitic basalts from the Vetreny belt, Russia using triple oxygen and
hydrogen istopes. The excellent preservation of the alteration textanehe
consistency between tineicrothermometry data and oxygen isotope thermometry
estimatepresent a strong evidence for preservation of original isotope intbgribhese
rocks Based orequilibrium isotope fractionation between quartz, epidote and wiheer
values of the early Palpmterozoic seawater values are constrained®®@=1 1 + .1
a,p’'o=1 0. @001 &,nd =0£2Q: . These are similar to the values of
seawater ding the Cenozoic, emphasizing that the balance between circulation of water
at midocean ridges angleatheringcontrok the isotope composin of seawater over the
long (overlO Ma) timescales. These results are important for all subsequent chapters of
this dissertation as they provide basis for studying the early Paleoproterozoic meteoric
water cycle that originates from evaporation of seawater. In Chapter IV, | present the
results of combined triple oxygen and strontium isotope investigation of thenydielt
rocks. The purpose of the study preeel in Chapter IV is twofoltb assess my previous
estimate of the oxygen isotope composition of the-2.43 Ga seawater and to explore
the effect of low marine sulfate on theiSotope budget of Precambmiaubmarine
fluids.
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CHAPTER IV
THE EFFECT OF LOW SULFATE IN THE PRECAMBRIAN OCEANS ON
SEAWATER-BASALT REACTION TRACED BY TRIPLE OXYGEN AND
STRONTIUM ISOTOPES
This chapter is in preparation for publication with llyaBihdemanRyoji

Tanaka, Craig C. Lundstrom, Mark H. Reed and David A. Butterfield. Ryoji Tanaka and
Craig Lundstrom assisted in generating isotopic data for this chapter and provided input
in the interpretations of this study. llya N. Bindeman provided useful edits amtthe
draft of this chapteMark H. Reed provided inpwn the interpretations of the results
and helped with setting up the aguemigseral equilibrium calculations. David A.
Butterfield contributed samples of the neant fluids and their geochemical data

necessary for this study.

1.0 Introduction
Over geologic time scales exceeding 10 Mg, thc o mposi ti on of the E
atmosphere and seawater change in response to evolving biota, changing landscapes, and
global volcanic activity. In previous chapters, my investigations focuséuedmigh
temperature isotope exchangevietn hydrothermal fluids and sea floor rocks and the
implications for seawater-@nd H isotope composition over geologic time. However,
one of the most prominent changes that affected the seawater composition is the rise of
free oxygen, which had consampeces for many biogeochemical element cycles in all of
t he Earthoés systems. -bastallinterdctioeat ightemperaturdyt | e f o
a process that ubiquitously occurs at the-ntgdan ridges in the modern oceans and is
responsible for adtration of 23 km of modern oceanic crust (Alt et al., 1996; Alt and
Teagle, 2000). Oxygen or hydrogen isotopes alone cannot be used directly to detect
oxidation state of dissolved chemical species, however combined with other isotope
systems, a comprehews approach could be developed for understanding the intertwined
effects of basalseawater reaction and varying concentrations of redox sensitive species.
As a step towardsxploringthis link, we presentheresults oftriple oxygen and
strontiumisotope investigation of reaction between basalt aswdfatepoor seawater

that took place in the early Paleoproterozdite purposes of this study are to assess the
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previous estimate of seawater oxygen isotope value at22443Ga (Zakharov and
Bindeman, 209) and to explore the effect of low seawater sulfate concentration on the
composition of Precambrian submarine fluids and altered oceanic crust.

Chemical composition cfeawater isontrolled by the inputs from continental
weathering, hydrothermal ciratlon of seawater and precipitation of oversaturated
minerals from the seawater column. The rise of atmospp@sitevels over geological
time promoted an increase in oxidized marine species, particularly sulfate, which is
intimately tied to the increasy oxidative capacity of continental weathering and thus,
weathering of terrestrial sulfides (Holland, 1984; Farquhar and Wing, 2003; Kah et al.,
2004; Halverson and Hurteng, 2007). Amongst reslensitive species, sulfur is
abundantly present in oxididdorm due to its high solubility and, thus, sulfate
concentration could be used as an overall reflection of oxidation state of sesMuttEs
(Canfield, 1998). As the result of Earthoés af
contains 28 mM/kg sulfat ~8 % of total dissolved load (Berner and Berner, 1996).
sulfatein modernseawater precipitates in anhydrite at temperatures above 130 °C,
disturbing seawatederived Ca, S and Sr in the upper section of seafloor. During the
Precambrian, seawaterlfaie concentrations weref8orders magnitude lower than in
modern, as estimated from evaporate deposits (Kah et al., 2004; Habicht et al., 2002;
Canfield and Farquhar, 2009). Even though it is obvious that low sulfate seawater would
result in anhydritdree Precambrian submarine systems (e.g., Kump and Seyfried, 2005),
the evidence of it has not been studied using actual submarine altered rocks. It is
important to demonstrate the role of low sulfate in Precambrian hydrothermally altered
rocks, since anhyde oversaturation plays a pivotal role in elemental and isotopic budget
of seawater, thus, it should be an important parameter in the budget of these elements in
the altered oceanic crust and possibly in subduction ztinesiot completely
understoodhow much anhydrite undergoes retrograde solulalityeafloor ambient
temperatures away from matean ridges. However it is clear tlahydrite
oversaturation exerts a significant effect on the seavoaisalt exchange budgets of Sr
isotopes recorded lpyceanic crust (Teagle et al., 1998; Bach et al., 2003; Antonelli et al.,

2017) and in the sulfur budget of arc magmas (Tomkins and Evans, 2015).
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In this study we focus on anhydrite as a sink for seavdateved Sr in
hydrothermal fluids. Being a commamate element in anhydrite, Sr is almost completely
removed from seawater in the incipient stages of hydrothermal circulation-acead
ridges. Consequently, ti#éSrPeSrratios measured in modern oceanic crust are
dominated by values of unaltered rucean ridge basalt with deviations towards
seawater value in sections of high permeability (Alt et al., 1996; Fisher, 1998; Alt and
Teagle, 2000Harris et al., 2016 Thus, using Sr isotopes in ancient submarine rocks can
give insights into the redox evaion of submarine fluids over the geologic time scales.

The reaction of oceanic crust with seawater has occurred since plate tectonics
began to operate in a way similar to modern-ogdan ridge spreading, i.e. at least since
Archean (Laurent et al., 201%ang et al., 2016; Greber et al., 2017). Even though
Archean and Paleoproterozoic greenstone belts and intracontinental rifts are not, strictly
speaking, fragments of oceanic crust (Bickle et al., 1994), they contain evidence for
interaction between aremnt seawater and mafic volcanics. In this study, we use the
hydrothermally altered section of komatiitic basalts of the Vetreny Belt, Russia that
originated during voluminous subaqueous eruption of-Mghavas (several km thick)
in a rift of the Kareliacraton at around 2.432.41 Ga (see Chapter Ill). Unlike the
marine sedimentary record, hitgmperature alteration minerals that form within oceanic
crust are poor indicators of seawater composition because hydrothermal concentrations
are rockbuffered wth exception of Na and Cl. Nevertheless, we can apply multiple
i sot op &®Or Haminds’SrfoSr,ilio restore the isotopic signature of seawater
within the alteration silicatéOmamn®raels of
measurements reported in this chapter and in Chapter Ill are used to trace the evolution of
fluids in hydrothermal systems due to reaction between seawater and basalt, while the
87SrPeSr ratios measured in silicates are used to constrain the sedarated Sr input
into the ancient oceanic crust. Even though, there is a great uncertaint§’Briisr
ratio of Precambrian seawater (Shields and Veizer, 2002) owing to poor preservation of
original isotope integrity by marine carbonates, this studyhastential to improve our
understanding of isotope signals in the sedimentary record and the chemical balance

seawater solutes before initiation of oxidative continental weathering.
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Our approach takes into consideration the effect of isotope exchamgehe
basalt and seawater using triple oxygen isotopes in epjcuoiggorted byrevious
measurements &/H ratios(Zakharov and Bindeman, 2019hich helps to disentangle
the effect of temperature and variable watek ratio, and to constrain seawatsotopic
values We specifically target epidote for a record of isotope composition because the
mineral records hydrothermal circulation of fluids at high temperature (> 250°C) and
forms veins that fill formerly empty spaces, thus reflecting high fluicbek ratios.
Epidote crystals are resistant to secondary alteration, contain little Rb, and have high Sr
concentration, requiring minimal correction for initt46rfSr ratios. In addition, small
fractionation of oxygen isotopes between water and épiplovides a close estimate of
the oxygen isotope ratio in the fluids. Tiweksof theVetreny Beltare well suited for
this studybecause of theixcellent preservation and evideteration atarge
water/rock ratio®wingto high permeability. We @snodeling approach to predict
isotopic shifts experienced by hydrothermal fluids in modern and ancient submarine
systems by applying a dual porosity model (DePaolo, 2006). This model allows us to
apply different physical parameters in the hydrothermakays$or specified elements. To
substantiate our investigations of the rock record, we apply miagquaous equilibrium
calculations to simulate seawatssalt reactions using starting seawater compositions
with abundant and low sulfate concentratiors. (noderrvs Paleoproterozoic seawater).
The calculationprovideusan educated guess of what mineral assembkgeseful for
isotopic measurementd/e show in the study thagjeilibrium assemblage of epidote and
guartz in absence of feldspapresena limited range of thevaterrock ratios supporting
the connection between measut&iF®Sr valuesand thabf seawater
2.0 Model set up

2.1 Dual porosity model at steady state

Fluids that entethe hydrothermal system initially hatbeisotopic composition
of pristine seawater. Along the flow path they acquire isotopic ratios and chemical
composition corresponding to aqueous fluids in equilibrium with basaltic rocks at the
temperaturat 250to 400 °C. Among other chemical and isotopgh@anges, this process
has a strong effect on the isotope ratios of oxygen, hydrogen, and strontium in

hydrothermal fluidssince both elements are present in seawater and rocks with distinct
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80, Yamnd®’SrPeSr values. The equilibrium fractionation @fygen isotopes at 250
350 °C between water and secondary assemblages with bulk basaltic composition defines
the va¥aeast@ fpfi fully exchanged fOand-ds. The
0. 06 &'0#freaccepted here as the oxygen isotopesrafifully exchanged water
in equilibrium with midocean ridge basalts (MVORBSs). Unlike oxygen isotop/&s£eSr
ratio does not fractionate between minerals and fluids; it evolves from high seawater
value (moderd’SrfeSrsw = 0.7085) towards lower rati@s more mantieerived Sr
(8’SrPSnvors = 0.702) is released through dissolution of basaltic plagioclase. As a result
of this process, average submarine hydrothermal fluids are isotopically shifted and have
iOvalueb et ween +0. 5 arf®rfSr2aticis laiv, typisallyearownd s
0.7040.703(e.g. Bach and Humphreys, 1999

Previous ae-dimensional fluidrock interaction modelg.g. Lassey and Blattner,
1998; Bowman et al., 1994; Baumgartner and Valley, p864%cribe dependency of
isotope shifts on the physical properties of reactive transport within porous flow. The
provide useful insights intmodesof isotopic shift(diffusion/advection dominated)
porous rocks andfractured medium. In this paper, waderakesteadystate modeling
of waterrock reaction in aual porosity systerfDePaolg 2006 since we use
measurements from filled fractures and veimkere both advective and diffusive
transport occurs in different parts of the systefte model isised to simulate
simultaneous shifts of strontium, oxygen drydirogenisotope values in hydrothermal
fluids. In essence, this modeling approach allows us to implement physical constraints on
isotope exchange and to assess the concentration of Sr inréllaitige to concentration
of O and H, which results in different profiles of isotopic shiftise principal equation
must include diffusion, advection and reactiomigithat contribute (dissolution) or

consume (precipitatigrchemical species:

"n— "0— — U — BYDO BY 060 (2),
whereC is concentration of element in the fluid and solid (subs€apts respectively),
} andt denote density and porosify,is ionic diffusivity, vis fluid velocity, K is

distribution coefficient for solid/fluidThe termsR describe rates of dissolution (subscript

d) and rates of precipitation (subscnptof species and;.
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The equation can be-keritten forafractured medium, where fluid transport
occursvia advection along fractures adiffusion inthe lowporositymatrix. It can be
assumed that dissolution and precipitation (i.e. recrystallization) occur at the same rate
causing no net change in porosity. Combining dissolution and precipitatoone term
yields recrystallization rate (denot® e x p r e 3Askrice. grams ofjaltegation
material forming per grams of original rock in a year. As explainyddePaolo (2006),
the steadystate assumption of the dual porosity model is algarting point for
demonstrating possible trajectories of combined isotope shifts and it is an easy
calculation to implement. Thegplicationof such assumptianis also justifiedby the
relative longevity of hydrothermal systenos the order of0* yr andaninability to
make safe assumptions about hbeisotopic ratio of fluids changed with time, when
only the final product (hydrothermally altered rocks) can be analyzed. In the-stasely
formulation of the model, the fluid isotopic ratios changgh\distance X in meters). The

rate of change of isotopic ratio in fracture flurg) (vith the distance is described as:

i i 0B p & — ),

whereD is ionic diffusivity of a speciese(g.self-diffusion of O, SF*), ! is porosity in
the matrix,vs velocity of the fracture fluid; ¢ porosity of the fracture (always equalsii),
is fracture spacing arlis fracture width. The variable defines the reactive length
which derives fr qm GidhRp(le)R'E ivtemr etteisp (¢ Dy C
denote density, rock porosity and concertation of an element of interest. It represents the
distance along which the pore fluid raims sensitive to the fluid in the fractures. It also
means that a lardevalue results in a small isotopic shift along the direction of fracture
fluid flow. Since different elements have differealues ofL, the rate of changsith
distancas expectedo be different for different elements in hydrothermal systems. For
example, the reactive length of hydrogen during reactive transport is much longer (~4
times larger than for oxygen) than for any other element due to of its abundance in water
andnearabence in rocks. Thus, the UD values of
change over a large range of distances compared to other elements.

2.2 MonteCarlo simulation of the dual porosity model

The results of steadstate dual porosity model are higlilgpendent on the
physical conditions represented by variali®e, d, D andb. The variables such as
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length of fluid flow, reaction rates and fluid velocities are difficult to measure directly

and perhaps should not be constrained by single value&ffEloe of variable fracture

spacing Ip) and recrystallization rates are discussed in the DePaolo (2006), Turchyn et al.
(2013) and Brown et al. (2013). According to those studies, the average fracture spacing
derived from the model varies within severaltens (5 m), while the recrystallization

rates vary on the order of 0.0001'ws constrained by monitoring of shéived isotopes

in active hydrohtermal systenisadko and Moore, 1988; Kadko et al., 2D07is

important to note, that the two variabR (recrystallization rate) and (fluid flow rate)
produce opposite effect on the result of isotope exchange between fluid and solid, yet
both can vary in the large ranges. The ground water flow convects around intrusive
bodies at rates anywhere betwseneral meters a year to ~100 n{fjorton, 1978;

Wood and Hewett, 1982; Hayba and Ingebritsen, LIRS it is important to consider

the possible outcomes produced by ranges of these values rather than picking one or
several arbitrary ones. Here we perform MeGtelo simulation of the isotopic shift

using ranges of values listed in Table 1. Criticatye valuefk range between 0.0001

0.0005 yrt andvs between 10 and 100 m¥irThe isotopic shifts were simulated by
calculating the(x) value 2000 times from Eq. 2 randomly picking variables within the

specified ranges.

Table 1.Range of values used the Monte Carlo simulation of dual porosity model

Variable Minimum Maximum Units Sources

b, fracture spacing 2 5 m DePaolo, 2006

R, dissolution 0.0005 0.0001 ggtyeart DePaolo, 2006;

precipitation rate Kadko et al., 2007

v, fluid velocity 10 100 m yrt Hayba and
Ingebritsen, 1997

L, matrix porosity 0.01 0.02 none Becker, 1985

2.3 Aqueousnineral equilibrium calculations

To understand the mineralogical and isotopic modification of altered oceanic crust
of the Precambrian submarine systeiinis, a sensible exercise to perform mineral
agueous equilibrium simulation of a reaction between basalt and seawater with low
sulfate content. The calculations are intended to replicate the equilibrium mineral

assemblages and aqueous species of moderathgdmnal systemaandto applythemto
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the ancient submarine hydrothermal systems by using starting seawater with low sulfate.
The Archeari early Paleoproterozoic submarine systems are simulated with the same set
of conditions and steps as described Wwedtlowing for convenient comparisonhe

starting seawater compositions are listed in Table 2 artdlega from(Berner and

Berner, 199%and modified for the ancient seawater by lowering sulfate contethtdsy
orders of magnitudéHabicht et al., 2002andincreasing Mg and Ca content using the
Phanerozoic maximum estimatést applywhen sulfate content wasothe lowest

(Horita et al., 2002; Berner, 2004Jsing the Phanerozoic estimates for the concentration
of these elements is validated becasesswvatesolute concentrations the early
Precambriammrenot reconstructed as reliably as for the Phanerarsiog to theabsence

of suitable record, however using these values allows us to make a realistic comparison
of the effect of variable sulfatén addition, investigations of Precambrian chemical
sediments (Holland, 1984) suggest that, relative to modern sealwatntentrations

of majorelements such as Mg, Na, K, Ca, Sr andobGt,not sulfate, are expected to lie
within the same orders afagnitudelt is worth noting that dissolved Si content of
Precambrian seawater was likely higher than the modern day value due to biological
silica uptake by radiolarians that modulates silica concentrations since early Cambrian
time. Further research @lild address the possible effects of high silica content on the

composition of highemperature alteration mineral assemblages in the oceanic crust.

Table 2. Molar contentof initial seawater used in the mineejueous equilibrium
calculations. Dashesditate that the concentrations in ancient seawater are taken to match
that of modern seawater.

lon Concentration in modern in early Paleoproterozoic
seawater (mM/KQ) seawater

Cl 551 698*

SO* 28 28R10

HCOs 2.3 -

HS 3.08A10 -

H4SiO4 0.12 -

Al3* 3.0%A10 -

cat 10 40

Mg?* 56 71

Fe* 5. 4%A10 -

K* 10 -

Na* 469 -

SPt 0.15 -

* - chlorinity of seawater was adjusted for maintaining neutral charge balance
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We perform seawatdyasalt reaction with modern levels of sulfate as a point of
reference using program CHIMPT (Reed et al., 20300 simulate a set of titration
experiments in which small amount of basalhigementally added to 1020 g (1L) of
seawateand the solution is then allowed to achieve equilibrium concentrations of
agueous species and minerals. To model a realistic order of events, the simulations
include following steps: 1) reaction of small amount of basalt (5 g) at 150 °C and 400 bar
and emoval of solid phases at the end; 2) reaction with another 5g of basalt at 350 °C
and 500 bar and removal of solid phases at the end; 3) incremental titration of basalt until
agueous concentrations become dominated by equilibrium with bakstits stag,
albite and microclinenolar quantities exceed other minerdlhis set up is intended to
reproduce hydrothermal system in which seawater first heats up to ~150 °C with
precipitation and removal of anhydrite and other oversaturated phases as they occupy
empty spaces, vesicles and pores, yet with minimal participation of basaltic material. This
regime is similar to the upper oceanic crust anebgi$ alteratior(Fisher 1998 Alt et
al., 1996. Next, fluid moveshroughhot wall rock, precipitatingninerds at higher
temperature and pressure (350 °C and 500 bar), leaving the minerals behind in permeable
upper crust. After that fluid reacts with basalts at low wedek ratio (W/R). The water
rock ratio in these calculations is used as a measure obtitatdbgress; it is calculated
from dividing the amount of initial seawater (1020 g) by the mass of titrated basalt. So
that, for example, step 1 described above represents reaction between seawater and basalt
at W/R between infinity (0 g basalt added) @0d (5 g basalt titrated).

To keep track of Sr concentratiome specified alistribution coefficient between
anhydrite and fluid (l&) of 0.35(Ichikuni and Musha, 19738That is a minimum
estimate from laboratory precipitation experiments; in nagystems anhydrite shows a
wide range of I3 values ananany have significant Sr enrichment that corresponds to
Shiid/Stanhyditeclose to AMills et al., 1998. Thus,2’SrfeSr ratio of hydrothermal fluids
can be calculated from the molar concentratibaquilibrium anhydrite and titrated
amount of basalt assuming that it contains 300 ppm Sr (3.42 mmoles/g) and initial

seawater has 13 ppm Sr (0.15 mmoles/g; see Table 2) :
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Yi i “Yi “Yi i

"Yi YioY Z "Yi "Y1 Yi T7°Yi (4).
This simple mass balance equation is used to show?18mWPSr ratio of hydrothermal
fluids changes at incipient stages of hydrothermal alteration, i.e. at theybe@nt
seawater reaches point oversaturation with anhydrite.

From the mass bal ance ap}0wlaeotfludsnant he cl o
be calculated as:

€ 10 € 7 0 3 10

B¢ 1 0 pPTMA € 1 0 (5),
where subscripi S Wbe s ¢ r i b e s *®Owbwaterscontained ithé starting
solution subscripti r o dekobes moles and isotope composition of titrated hasalt
A @ d u déenst@ninerals forming in equilibrium with #0 with their respective
fractionation factord 0 0 Gdduds#do.
3.0 Analytical methods

The triple oxygen isotope values of submarine hydrothermal fluids were analyzed
by fluorination with Brkis and cryogenic purification of yas with subsequent gas
chromatography (GC) separation from potential contaminants. The gas was measured in
duatinlet mode by gas source isotope ratio mass spectrometdR(GS) MAT 253 at
the Institute for Planetary Matals, Okayama University. The complete description of
the procedure can be found in Tanaka and Naka(@0f8. T¥Ce alA’@ valiies of
fluids were calibrated by the VSMOWRL AP2 scal e usi ¥ gswodvhe VSMOW.
[0 N O ®0/6&wfand 6\d ,0.21SD, N = Y®pvoven-89.668L AP2 (U
a n d®vBwowz=-55.498, N = 1) values measured during this study.

The strontium isotope values were measured using the Nu Plasma HR
multicollector inductivelycoupledplasma masspectrometer (ME@CPMS) hated at the
University of lllinois, UrbanaChampaign. The standard SRM 987 yiel8&t/£°Sr ratio
of 0.71039 + 0.0001 (mean = 1 standard deviation). The sample values were adjusted by
0.00014, the difference between measured standard values and itsl vaioma
4.0 Results

4.1 Modeled isotope shifts
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The output is saved at x = 200 m representing the effect of isotope exchange after
the fluid flow over such distance. The outcome of this calculation with modern seawater
val ué®, Y@mandi’'SrfeSr are shown in Figure 1. The effect of variaRiandvs
is shown in Figure 2. The effect is such tH&rF®Sr ratio of hydrothermal fluids is
slightly more radi oge n i vaubsare shiftbddétweenf f r es h
+0.5 and + Zon$&steat with mbasused valsies in modern submarine vent
fluids, solid samples from oceanic crust and ophiolites (Alt et al., 1996; Alt and Teagle,
2000; Shanks, 2001). These calculations also serve to demonstrate reproducibility of the
results for midocean ridge systems shown in DePaolo (2006). Additionally, we show the

output of the model for hydrogen isotopes and triple oxygen isotope system (Fig. 3).

|| modemn seawater B

modern seawater

counts:
50

40
30
20
10

0.708 0.708

0.706 0.706

87sr/®8sr
¥5r/*gr

0.704 0.704

equil. with equil. with
MORB MORB

0.702 0.702

0 2 -0.06 -0.04 -0.02 0.00

T
5120, %o VSMOW A0, %o VSMOW

Figure 1. The output of duaporosity model adopted from DePaokD(6) with added

Monte-Carlo simdations exemplifying probabilistic approach to reconstructiuigl

isotopic shifts duringnteraction between modern seawater and-ocigln ridge basalt

(MORB). (A)i The isotopic shifts are shown f66rf°S r  &%® daludis and simulated

range of valug shown with the blue field. The lightest blue regions correspond to the

most frequent outcome of the Mor@arlo simulation with parameters shown in Table 1.

These fields are in agreement with the ranges of values measured in modern submarine

vent fluids.(B) i The same output shown for the thies ot ope ox y'®en system
defined as 19n[1+10%’0] 7 0 . 5 3 ANFLALD0O]) and®’Srf8Sr ratio. The
parameters of the model a'fOe ain'deofgfiNgsinal as i n
equilibriumwi t h MB®B= (5. %0 =30,. 0gNja) cal cul ation fr on
temperature fractionation of triple oxygen isotopes between secondary minerals and

water (1G|n1800(;k-water: 1.003 and 1%17 Urock—water: 0.529'16|n180r0ck-wate|).
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Figure 2. The ouput of the duaporosity model with the parameter ranges from the
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Table 1. The variables R (recrystallization rate!)yand fluid velocity (m/yr) are
amongst the most variable and uncertain parameters of a given hydrothermal systems.

The ranges of valseshown on the plots were constrained from physical and modeling

approaches. The simulated isotopic shifts with these parameters results in isotopic values

comparable with the modern near vent flufiSrf®Sruia = 0.7020 .

+0. 551 a+1.

7 0 40q,in=d

u

These outputs are less sensitive to fracture spacing, reactive rates or fluid velocity in the

dual porosity formulation. However, they are informative of the extent of isotopic shifts

when such is unknown f8fSrf8Sr, and/or when the initi&lSrfeSr ratio of seawater is

unknown.

The
fluids accompanied by a significant shift iniSotopes producing values ~0.001 above
that of the MORB (0.702; Fig. 1A). The accompanied shift¥@® value is-0 .

mo s t

frequent

out pu t®ooff

03

v

a

3B). The evolving seawater sulfate content in this model would be reflected in the

trajectories of Sr isotope shifts proportional to value.dVhile O- and Hisotopes

t

would not change itk values over the time of geologicstory, different concentration of

Srentering the hydrothermal system would be noticeable by the shape of combined

he mod

(Fi g.

isotope shift trajectory. The predicted shifts in the Paleoproterozoic seawater are shown

in Figure 4 with output of Mont€arlo simulatiordisplayed with colocoded data

points, corresponding to the ratio of concentration of Sr in initial fluid and unaltered rock,

expressed as Sdi/Shsw.
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Figure 3. The result of the duglorosity model plotted for (A) hydrogen isotopes and (B)
triple oxygen isotopes. The triple oxygen isotope measurements of moderanent
well-fluids, and epidotes from neaostal and submarine systems are also shown. These
isotopic shifts are not sensitive with respexthe physical parameters of hydrothermal
systems such as recrystallization rates, velocity, or fracture spacing. However, these
isotopic values can be measured to estimate the extent of isotopic shift fosotbpici
systems for which either initial concentration of an element or its isotopic values are not
known (e.g. concentration of Sr afi&rF°Sr in 2.4 Ga seawatedpproximate

fractionation between water and epidote in a triple oxygen isotope systieenbatttom

of panel (B).

4.2 Calculated mineral and agueous species

The total moles of dissolved component species during the reactions are shown in
Figure 5. The result of Gand Srisotope mass balance calculations (Eq. 1) are shown in
Figure 5B. Theequilibrium Ca and Fe/Mgbearing minerals are shown in Figures 6 and

7. Equilibrium micas, feldspar minerals and quartz are shown in Figure 8.

Figure 4 (next page)The predicted isotopic evolution of hydrothermal fluids in
ArcheanPaleoproterozoic hydrothermal systerffise open squares show estimated
values of hydrothermal fluids based on the measurements of epidotes from the Vetreny
Belt. The horizontal bars are agrtainties in the fluid value estimat@he simulated runs
of theMontel-Carlomodel areshown with filled circlesolor-coded by the ratio of Srin
basaltrelativet o Sr i n s'%®aala of mitial sealvites is taken to match that
of ice-freeocean and th&/Srf°Sr of seawater is approximated by the lowest ratios
measured in the late Archean/early Paleoproterozoic carb@0até45;Shields and
Veizer, D02) The contemporaneous depleted maistlaken to hav&’SrfeSr ratio of
0.701. Thé’Srf%Sr values measured in epidotes from\ie¢reny Beltcontain evidence
for high input of seawater isotope val@ssuming the measured values are close to the
initial isotope ratio Coupled with triple oxygen isotope values, #f@rf8Sr ratio shifts
record highseawatederivedSr entering the systeor/and highvalueb (fracture
spacing)® Ual U B'® valids bfepidgies do not differ significantly from
that of equilibrium fluids due to high temperature mdspendent fractionation.
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As expected, these calculations show that abundance/absence of abundant
anhydrite is the most noticeable difference between laigt lowsulfate seawatdrasalt
reactions (i.e. modern and Paleoproterozoic altered oceanic crust assemblages). Molar
aburdances of other mineral and dissolved species in the performed auieeus!
equilibrium calculations are similar across the two cases. In theshlfdte run, when

anhydrite forms at high temperature (350 °C) and is removed from the fluid, the
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remainirg hydrothermal fluid is 50 % shifted from its original seaw&i®rféSr value

towards the basaltic value. One other notable feature though is the relative abundance of
low-temperature (150 °C) hematite that forms in both calculations at high W/R (between
10° and 10). In the sulfateich seawatebasalt reaction, about f@noles of hematite is
present in equilibrium assemblage pyrite + talc + hematite + chlorite + chrysotile +
magnesite (Fig. 7). Only about half of that amount of hematite is presemtiiipeum

with same minerals in the sulfap@or calculation, with more abundantfFpresent as a
dissolved species. Occurrence of pyrite in both calculations is a minor feature at W/R
below 1. The solid sulfide forms in response to the total sulfuirrandncrease as more

and more basalt is titrated.

Figure 5 (next page)Result of seawatdrasalt equilibrium reaction calculations at
variable wateirock ratio (W/R) with (A) low and (B) high levels of sulfate (Archean and
modern seawateus! f at e P& w @ 23nAldsBgh Todal molality of aqueous
component species are shown with the exception of sodium and chlorine. Activity of H
ion is shown asH+to reflect the changes of pH in the solution,l@gi0ca(H"). The
temperatur@and pressure of the reaction was switched from 150 °C, 400 bar to 350 °C,
500 bar at the titration step corresponding to W/R of ~ 200. Panel (C) shows the resulted
isotopic shifts of Sr in hgrothermal fluids (red curves) expresssof’SrPoSrseawater

7SS 1ia)/(B7SIFPCSrseanateli 8SrP8Sbasa). The hydrothermal fluids with high

seawater sulfate experience rapid shifts compared to low sulfate calculations due to
formation and fractionation of anhydrite in the calculated reactions. The blue curve
shows the evolution af*®O fluid value with decgasing W/R.
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; A Low sulfate seawater-basalt reaction
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B. High sulfate seawater-basalt reaction
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Figure 6. The molar abundances of ®aaring minerals from the calculation shown in

Fig. 1. Removal of minerals from the solution (fractionation) was done at the titration
steps corresponding to W/R of about 200 and 100 (dotted vertical lines)Tk&)low

sulfae seawatebasalt reaction simulates Archean hydrothermal systems, in which
anhydrite is virtually absent at high W/R ratios with minor amounts forming around W/R
of 10. (B)- High levels of sulfate in the modern seawater and precipitation of anhydrite
from seawater are simulated by titration small amount of basalt (5 grams) and removing
anhydrite from the calculation, which results in large fraction of seawatered Ca

(and Sr) and S£3 to be removed from the system.
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A. Low sulfate seawater-basalt reaction
150 °C, 400 bar

350 °C, 500 bar
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amesite

B. High sulfate seawater-basalt reaction

10"
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Figure 7. Molar abundance of Aglg-bearing minerals from the calculation shown in

Fig. 1. Separation of minerals from the solution (fractionation) was done at the titration
steps corresponding to W/R of about 200 and 100 (dotted vertical lines). The outputs of
the calculation do not vasignificantly at high W/R between levand highsulfate

modes. Although in the low sulfate seawdiasalt reaction (A) the amount of hematite
forming at 150 °C is significantly (10 times) lower compared to the modern high sulfate
seawater basalt reaatigB). In the reaction (A), the low sulfate content promotes
preferred aqueous speciation of Fevhile abundant sulfate in (B) is reduced to HS
accompanied by oxidation of iron and precipitation of hematite.
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Figure 8. Molar abundance of equilibriualumosilicate minerals and quartz in the
calculations shown in Figsh. Separation of minerals from the solution (fractionation)
was done at the titration steps corresponding to W/R of about 200 and 100 (dotted
vertical lines). The outputs of the caldita do not vary significantly at high W/R

between lowand highsulfate modes. This general similarity shows that our calculations
were carried out in a setionsistent manner.

4 . 30 apd®’SrPeSr values

We reportod 'O measurements along with Na and Mg concentrations in modern
fluids from the Axial Seamount hydrothermal vents of the Juan de Fuca Ridge (Table 3).
In the rest of the paper, we discuss the values for only those samples that have Mg
concentrations below 20ivh Those fluids reflect extensive interaction with basaltic
rocks at high temperature and oxygen isotope shifts due to sedaagdir equilibrium
reactions that buffer low aqueous Mg. Other samples with higher Mg concentrations were
either less modifiedyinteraction with basalt or underwent phase separation. Thus, their
oxygen isotope values ar'% molf@eatpgsof f i cul t
modern seawataterived fluids and epidotes from previous chapters are plotted together

in Figure 3.
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