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DISSERTATION ABSTRACT 

 

David O. Zakharov 

 

Doctor of Philosophy  

 

Department of Earth Sciences 

 

September 2019 

 

Title: Triple Oxygen Isotope in High-Temperature Hydrothermally Altered Rocks: A 

Record of Paleoclimate and Ancient Hydrosphere-Rock Interactions 

 

 

In this dissertation, I use isotopes of H, O and Sr to trace interaction between 

meteoric waters, seawater and rocks in modern and extinct areas of high-temperature 

hydrothermal alteration. The ancient hydrothermal systems are used here as a tool to 

investigating paleoclimate, paleogeography, and the long-term evolution of global 

isotope budget of hydrosphere. The dissertation begins with exploring triple oxygen 

isotopes to trace local fluids in modern geothermal systems of Iceland (Krafla, 

Reykjanes), where seawater and meteoric waters participate in reaction with mid-ocean 

ridge basalts at high temperatures (> 250 °C). Next, I present results of the triple oxygen 

and hydrogen isotope study of the 2.43-2.41 Ga altered basalts from the Vetreny belt, 

Russia to constrain the isotope composition of contemporaneous seawater. I find that the 

ŭD, ŭ18O and ȹ17O values of the early Paleoproterozoic seawater were similar to that of 

Cenozoic seawater values. This study is supported by demonstrating the combined 

strontium and oxygen isotope exchange between Precambrian seawater and basalt with 

implications for the effects of low marine sulfate levels. Further, I explore the low ŭ18O 

signature of the Belomorian belt, Russia that was likely generated during subglacial 

rifting and magmatism at low latitudes in the early Paleoproterozoic. Using ȹ17O 

approach, I reconstruct the ŭ18O values of the low latitude precipitation to ca. -40 Ñ 5 ă. 

This value is evident of an active hydrologic cycle facilitated through evaporation of 

seawater and precipitation at extremely low temperatures (between -45 and -40 °C) 

during the Paleoproterozoic snowball Earth glaciations. Using high-precision U-Pb zircon 

dating, I constrain the timing of subglacial magmatism to 2.44-2.41 Ga and 2.29 Ga. The 

triple oxygen isotope approach is also applied to the low ŭ18O 2.42-2.38 Ga Scourie dikes 
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of the Lewisian complex, Scotland to test for assimilation or/and recycling of very low 

ŭ18O component, similar to the rocks from the Belomorian belt.  

 This dissertation includes previously published and unpublished co-authored 

material. This dissertation is accompanied by electronic supplemental file that contains 

U-Pb geochronology data. 
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CHAPTER I 

INTRODUCTION 

 

A unique feature of our planet is the ubiquitous presence of liquid water on its 

surface. In pursuit of equilibrium, the minerals exposed near the Earthôs surface react 

with abundant aqueous fluids at ambient temperatures altering the appearance of the 

planetôs rocky shell. This process has been operating through the geological history, 

generating and modulating biological nutrient cycles, plate tectonics and long-term 

climate dynamics. Isotopes of oxygen and hydrogen -- both found in rocks and in water -- 

are at heart of the research presented here. Their isotope ratios are used here to 

reconstruct the surface environment and isotope characteristics of the hydrosphere early 

in the Earthôs 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 water-rock interaction is high temperature (> 250 °C) circulation of seawater 

at mid-ocean ridges and attendant recrystallization of the upper 2-3 km of oceanic crust. 

As a result, this process contributes the most voluminous flux into the stable isotope 

budget of the terrestrial hydrosphere. The recent advent of high-precision triple oxygen 

isotope analysis allows me to explore the new dimension of water-rock interaction in 

hydrothermal systems. The systematic variations in fractionation of 18O/16O relative to 

17O/16O recorded by fluids and minerals that underwent isotope exchange are used in this 

dissertation as a tool to trace the involvement of meteoric waters (e.g. rain and snow) and 

seawater in modern hydrothermal systems. This dissertation is aimed to use these results 

to reconstruct the environment during a critical stage of the Earthôs history in the early 

Paleoproterozoic, between 2.5 and 2.2 billion years ago. This 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 and large surface 

temperature fluctuations. The triple oxygen isotope approach helps to tackle some of the 

current problems in the field of stable isotope geochemistry and Precambrian geology 

such as long-term trends in oxygen isotope composition of seawater and state of 

hydrosphere during snowball Earth episodes. The overarching motivation behind this 
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dissertation is to assess the environmental conditions in the early Paleoproterozoic using 

the unique isotope record that provide constraints which could not be reached otherwise.  

In Chapter II, I use modern geothermal areas of Iceland to conduct a thorough test 

for triple oxygen isotope systematics as a tracers of fluids in the crust. This work uses a 

well-controlled environment of drilled geothermal areas, so that the ȹ17O approach can 

be reliably applied to the subsequent studies of ancient hydrothermal systems. Using 

three particular hydrothermal systems, Geitafell, Krafla and Reykjanes, allows me to 

trace involvement of both meteoric water and seawater in alteration of mid-ocean ridge 

basalts. Knowing the initial isotope values of local groundwater sources as well as having 

the temperature profiles recorded in the drilling wells, I am able to demonstrate the effect 

of water-rock exchange and boiling on the triple oxygen isotope ratios of fluids and 

minerals as well as the effect of temperature-dependent fractionation. Finally, this study 

explores igneous recycling of hydrothermally altered rocks by providing triple oxygen 

isotope measurements of contaminated magmas.  

In Chapter III, the well-preserved pillow structures, hyaloclastites and komatiitic 

basalts of the 2.43-2.41 Ga Vetreny belt, Baltic Shield are investigated using hydrogen 

and triple oxygen isotopes. I provide a new estimate of ŭD, ŭ18O and ȹ17O values of the 

early Paleoproterozoic seawater. This estimate is then used in subsequent chapters as a 

starting point of evaporation-distillation cycle (i.e. part of the global water cycle) process 

that controls the oxygen isotope composition of precipitation.  

In Chapter IV, a multi-isotope approach is developed to trace the effect of 

interaction between sulfate-poor seawater and basaltic rocks in the Archean-Proterozoic 

time before. I use the hydrothermally altered rocks from the 2.43-2.41 Ga Vetreny belt to 

study Sr-isotope budget of Precambrian seawater and to support the triple oxygen isotope 

estimates of seawater isotope composition from Chapter III. This chapter is focused on 

the budget of redox sensitive elements in submarine hydrothermal systems, particularly 

sulfate, which is controlled by the evolving oxidative capacity of the Earthôs atmosphere. 

High marine sulfate in the modern ocean is linked to precipitation of anhydrite within 

altered oceanic crust and near-quantitative removal of Sr from seawater. The Archean 

and Paleoproterozoic oceans had extremely low sulfate concentrations which must have 
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promoted high fraction of seawater-derived Sr in the isotope budget of submarine 

hydrothermal fluids.  

In Chapter V, I apply the triple oxygen isotope measurements and precise U-Pb 

dating to constrain the timing and conditions of the snowball Earth glaciations of the 

early Paleoproterozoic. This study focuses on the new evidence for existence of glacial 

ice at low latitudes that is based the low ŭ18O signature of ancient hydrothermal systems 

from the Belomorian belt of the Baltic Shield, Russia. Alternative to the traditional 

research on glacial diamictites, this study allows to reconstruct the ŭ18O value of glacial 

meltwater, mean annual temperatures and to apply precise geochronological dating to 

determine the timing of glacial episodes. Determining the age of these rocks with high 

precision is a challenging task due to the imposed metamorphism. To address this, the 

chapter presents results of secondary ion probe mass spectrometry (SIMS) and chemical 

abrasion isotope dilution thermal ionization mass spectrometry (CA-ID-TIMS) 

techniques to produce a precise and accurate age of the early Paleoproterozoic subglacial 

intrusions. 

In Chapter VI, I investigate additional occurrences of low ŭ18O rocks that support 

the evidence for the globally cold climate of the early Paleoproterozoic. This study uses 

triple oxygen isotope data collected from new localities across the 500 km span of the 

Belomorian belt. Also, a new triple oxygen isotope dataset is presented for the low ŭ18O 

Scourie dikes, the Lewisian Complex of the NW Scotland. Both provinces contain 

isotope signatures that reflect high-temperature exchange between rocks and low ŭ18O 

meteoric waters representing a record of active hydrologic cycle during the early 

Paleoproterozoic. As a tentative connection between the Belomorian belt and the 

Lewisian complex, I investigate the isotope signature of the protoliths incorporated into 

the Scourie dikes via igneous process.  

Chapter II of this dissertation is co-authored with Ilya N. Bindeman, Ryoji 

Tanaka, Guðmundur O. Friðleifsson, Mark H. Reed, and Rachel L. Hampton and is under 

review at Chemical Geology. Chapter III is co-authored with Ilya N. Bindeman and was 

published in Geochimica et Cosmochimica Acta in March 2019. Chapter IV is in 

preparation for publication and is co-authored by Ilya N. Bindeman, Ryoji Tanaka, Craig 

C. Lundstrom, Mark H. Reed and David A. Butterfield. Chapter V is co-authored with 
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Ilya N. Bindeman, Alexander I. Slabunov, Maria Ovtcharova, Matthew A. Coble, Nikolai 

S. Serebryakov, and Urs Schaltegger and was published in Geology in July 2017. Chapter 

VI is co-authored by Ilya N. Bindeman, Nikolai S. Serebryakov, Anthony R. Prave, Pavel 

Ya. Azimov, and Irina I. Babarina and is in press at Precambrian Research. 
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CHAPTER II 

TRIPLE OXYGEN ISOTOPE SYSTEMATICS AS A TRACER OF FLUIDS IN THE 

CRUST: A STUDY FROM MODERN GEOTHERMAL AREAS OF ICELAND 

From Zakharov, D.O., Bindeman, I.N., Tanaka R., Fridleifsson G.O., Reed M. 

and Hampton R.L. (2019) Triple oxygen isotope systematics as a tracer of fluids in the 

crust: A study from modern geothermal areas of Iceland. In review at Chemical Geology. 

 

1.0 Introduction  

Hydrothermal alteration of mid-ocean 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 the 18O/16O 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 of high-temperature 

alteration of basaltic crust using simultaneous measurements of 17O/16O and 18O/16O 

ratios in continental and near-coastal 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 conventional 18O/16O 

measurements. The systematic mass-dependent relationship between 17O/16O and 18O/16O 

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 compositions  through  

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 groundwater flow and react 

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 to high-temperature 

isotope exchange between fluid and rock, alteration minerals have H- and O-isotope 

signatures similar to those of the fluids. The ratios of hydrogen and oxygen isotopes, D/H 

and 18O/16O, are widely used to investigate fluid sources, temperature of water-rock 

interaction and processes that occur in hydrothermal systems such as isotopic exchange, 

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, 

measurements of ŭ18O values in coexisting mineral pairs, combined with ŭD 

measurements of hydrous minerals and fluid inclusion studies, are used for isotopic 

equilibrium calculations involving mineral-mineral and mineral-water calibrations. 

Combined H- and O-isotope measurements can fingerprint isotopic composition of initial 

fluids (e.g. Taylor, 1974, 1977; Ohmoto and Rye, 1974; Truesdell and Hulston, 1980; 

Dilles et al., 1992; Giggenbach, 1992; Pope et al., 2014), however the ŭD values of most 

hydrous minerals rarely reflect equilibrium with the original high-temperature 

hydrothermal fluids (250-400 °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 be 

determined from ŭ18O measurements alone 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 high-temperature 

exchange with rocks, varying temperature of alteration, contribution of steam and brine, 

and addition of magmatic fluids.  

Introducing a new isotopic parameter 17O/16O, measured simultaneously with 

18O/16O, in a single sample enables a new ability to constrain the isotopic 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 calibrated equilibrium 

fractionations (Sharp et al., 2016; Wostrbrock et al., 2018) provide a promising basis to 

track temperature and O-isotopic signature of fluid at the same time. Similarly to ŭ18O ï 

ŭD systematics, the ŭ18O - ŭ17O systematics of hydrothermal minerals 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 

combined ŭD and ŭ18O measurements is that triple oxygen isotope analyses are obtained 

concurrently from analyses of same grains. 

In this study we investigate the ŭ18O - ŭ17O relationship in fluids and minerals 

from active high-temperature (200-400 °C) hydrothermal systems at Reykjanes and 

Krafla located in southwest 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 determined isotopic compositions are reacting with mantle-derived 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 geothermal wells, we are able to test the applications of ȹ'17O values 

under well-defined 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 depth from the boiling point-water depth curve. Quartz and 

epidote were targeted because their co-occurrence, especially in veins and vesicles, is 

indicative of hydrothermal alteration at temperatures above 250 °C (Bird and Speiler, 

2004), and they preserve oxygen isotopic 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 Krafla, where 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 

volcano 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 

consistent with 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 

temperature (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 quartz-water equilibrium for corresponding 

samples (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 

oxygen isotope values of ancient meteoric water similarly to using combined ŭ18O and 

ŭD values (see Pope et al., 2014). The zoning of alteration minerals and the pattern of 

isotope ratios in the host rocks of the Geitafell system display a ñbullôs eyeò pattern that 

formed in response to temperature gradient and circulation 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; Zakharov et 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 oxygen isotopic composition of high-temperature minerals is 

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

validating the findings in those previous studies. 

 

 

Figure 2. Compiled ŭD and ŭ18O data for well fluids and epidotes 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 derived from seawater (ŭ18O and ŭD = 0 ă) with minor amount of local 

meteoric water with ŭ18O of -6 ă. Krafla fluids are derived from meteoric water with 

ŭ18O of -13 ă and ŭD of -90 ă. Geitafell epidote indicate meteoric waters with ŭ18O of 

about -8 ă. Compositional field of mid-ocean ridge basalt (MORB) represents initial 

unaltered rock. Figure adapted from Pope et al. (2014). 
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1.2 ŭǋ18O and ȹǋ17O definitions 

Mass-dependent fractionation of triple oxygen isotopes between entities A and B 

obeys the relationship (Urey, 1947): 

ὰὲ‌ — ὰὲ‌       (1), 

where 17,18ŬA-B are the ratios of 17O/16O or 18O/16O in A to that in B. The value of ɗ, the 

triple isotope exponent, is a temperature-dependent variable ranging between 0.5 and 

0.5305 for equilibrium and kinetic processes (Matsuhisa et al., 1978; Cao and Liu, 2011). 

Since the relationship between 17Ŭ and 18Ŭ is exponential, we adopt linearized delta 

notation expressed through natural logarithm and denoted by a prime symbol (ǋ) (Miller, 

2002): 

ᴂὕ‏ ρπππὰὲ ρ       (2), 

where x is either 17 or 18. The ŭxO value in Eq. 2 is the conventionally defined delta-

notation: 

ὕ‏  ρπππ ρ     (3), 

where VSMOW (Vienna Standard Mean Oceanic Water) represents a standard with 

isotopic ratios close to that of seawater. Using the linearized notations for triple oxygen 

isotope fractionation, the ɗ value can be expressed as a slope in the ŭǋ17O ï ŭǋ18O 

coordinates:  

ʃ          (4),    

where A and B are two substances in equilibrium, for example quartz and water, quartz 

and epidote. When measuring fractionations in triple oxygen isotope system, instead of 

using the slopes in ŭǋ18O ï ŭǋ17O coordinates, it is more illustrative to use ȹ'17O notation, 

often termed 17O-excess. Deviations of ŭǋ17O-ŭǋ18O fractionations from a reference line 

are then expressed as ȹǋ17O: 

ῳᴂὕ ᴂὕ‏  .ᴂὕ      (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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ɚreference = 0.5305, which is the high temperature limit for the triple oxygen isotope 

fractionation (see Matsuhisa et al., 1978).  

1.3 Isotopic signals in hydrothermal systems  

The ŭD, ŭ18O and ȹ17O values of fluids and rocks in hydrothermal systems are 

distinctive owing to evaporation and condensation that surface waters undergo. Since 

VSMOW is used as a standard for the definition of ŭD, ŭ18O and ȹ17O, all three values 

are equal to 0 ă in modern seawater. In the globally averaged meteoric water, hydrogen 

and oxygen isotopes are related through the equation also known as the global meteoric 

water line (Craig, 1961): 

Ὀ‏  ψ ‏ ὕ ρπ       (6). 

Likewise, the ŭǋ17O value in the global meteoric water line is related to the ŭǋ18O through 

the equation (Luz and Barkan, 2010): 

ᴂὕ‏  πȢυςψ‏ ὕ πȢπσσ     (7). 

Combined with Eq. (5), triple oxygen isotope meteoric water line in coordinates specific 

for this reference line (0.5305) can be expressed through ȹ'17O: 

ῳᴂὕ πȢππςυ‏ ὕ πȢπσσ     (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 the three localities, water-rock interaction involved distinctly different 

reservoirs of surface waters ï meteoric water and seawater ï reacting with basaltic rocks 

that have relatively uniform H- and O-isotopic composition (Hattori and Muehlenbachs, 

1982; Eiler, 2001). The triple oxygen isotopic compositions of these reservoirs differ due 

to small but systematic mass-dependent variations in fractionation of 17O/16O relative to 

18O/16O. Mantle rocks have negative ȹ'17O values ranging between ī0.06 and ī0.05 ă 

(Herwartz and Pack, 2014; Pack et al., 2016) with ŭD values of -70 Ñ 10 ă (Kyser and 

OôNeil, 1984; Dixon et al., 2017). The effect of isotopic exchange between rocks and 

fluids at high temperature leads to shifts in the ŭ18O and ȹ'17O values of the fluids, and to 



 

12 

 

a lesser extent, in their ŭD values. We show associated isotopic shifts in fluids and its 

effect on equilibrium quartz and epidote (Fig. 3).  In addition, liquid-vapor separation and 

mixing between seawater and meteoric water affects the stable isotopic composition of 

the fluids and minerals (Fig. 3). 

The Reykjanes, Krafla, and Geitafell systems have well characterized ŭD and 

ŭ18O compositions of the hydrothermal fluids, local fluid sources and alteration minerals 

(Fig. 2; Ólafsson and Riley, 1978; Sveinbjornsdottir et al., 1986; Darling and 

Ármannsson, 1989; Pope et al., 2014; Pope et al., 2016). Reykjanes is a seawater-

dominated hydrothermal system where fluids have salinity of local seawater and ŭ18O 

close to those of seawater, with average value of ī1.1 ă and the ŭD of about ī23 ă 

reflecting a contribution from steam and a small addition of local meteoric water 

(Ólafsson and Riley, 1978; Pope et al., 2009). At Krafla, the meteoric-derived fluids have 

ŭ18O values close to those of local precipitation, ranging between ī13 and ī12 ă, and 

ŭD values between ī94 and ī87 ă (Darling and Ćrmannsson, 1989; Pope et al., 2016). 

Geitafell has a multi-phase intrusion of gabbro and a several-kilometer radius areole of 

hydrothermally altered tholeiitic lavas (Fridleifsson, 1983) where Pope et al. (2014) 

measured ŭD and ŭ18O in epidote and determined that hydrothermal fluids were derived 

from meteoric water with ŭ18O of about ī8 Ñ 1 ă and ŭD of about ī60 Ñ 10 ă.  

 



 

13 

 

 

Figure 3. Systematics of water-rock interaction between meteoric water and mid-ocean 

ridge basalt (MORB) for the three stable isotope parameters plotted in coordinates: 

conventional ŭD-ŭ18O (A), ŭǋ18O ï ȹ'17O (B) and ȹ'17O-ŭD (C). The processes of isotope 

exchange (solid black line), boiling (blue straight lines) and equilibrium fractionation of 

quartz (light blue curves) and epidote (green curves) at 200-400 °C are depicted for 

interaction between unaltered MORB and pristine meteoric water that has ŭǋ18O of -8 ă 

(on the global meteoric water line, Craig, 1961; Luz and Barkan, 2010). Tick marks on 

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

exchange reactions. Quartz-water equilibrium at 200-400 °C is after (Sharp et al., 2016). 

Epidote-water fractionation has not been calibrated for triple oxygen isotopes but it could 

be approximated by the value close to the ɗ values of quartz-water equilibrium at high 

temperature.  

 

2.0 Methods 

2.1 Oxygen isotope measurements 

All stable isotope analyses of solids were carried out 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 IDDP-1 and surface exposures (sample 

KRF14), and one garnet sample from Geitafell. All samples were examined with a stereo 
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microscope for inclusions of other minerals prior to analysis. Small samples (1.5-2 mg) 

were placed in a vacuum chamber and pre-treated with BrF5 overnight to remove the 

absorbed moisture and reactive compounds. The oxygen was liberated from the samples 

by heating them with a CO2 laser in presence of BrF5. Extracted oxygen was transported 

in a stainless steel ¼-inch tube vacuum line, and traces of remaining reagent and other 

fluorine-containing byproducts were removed by cryogenic traps and reaction with Hg-

vapor in a mercury diffusion pump. After the purification, oxygen gas was trapped on a 

5Å molecular sieve by cooling to liquid nitrogen temperature. Subsequently released, the 

gas was carried though a GC-column by He-flow at the rate 30mL/minute and room 

temperature. After about 3 minutes of elution time, oxygen gas was trapped on a 5Å 

molecular sieve immersed in liquid nitrogen. The gas was further trapped on another, 

smaller volume 5Å molecular sieve immersed in liquid nitrogen and introduced into a 

MAT 253 gas-source isotope-ratio mass spectrometer at 50-60 °C. Each measurement 

consisted of at least 24 cycles of sample-reference gas comparisons with intermittent 

equilibration of pressure in the bellows of the mass spectrometer. A subset of samples 

collected from the Geitafell extinct volcano was analyzed for 18O/16O ratio only via O2 - 

CO2 conversion for a more rapid analysis as described previously (e.g. Bindeman et al., 

2014). 

The measurements of well fluids were carried out at the IPM, Okayama 

University, Japan using fluorination line with a Ni-reactor tube. A few microliters of fluid 

samples were injected into the reactor and fluorinated using BrF5 at 250 °C to liberate O2 

gas. The rest of the procedure is similar to analysis of O2 gas liberated from fluorination 

of silicates. The complete description of the procedure can be found in Tanaka and 

Nakamura (2013). The ŭ18O and ŭ17O values were calibrated by the VSMOW2-SLAP2 

scale using the VSMOW2 (ŭ18OVSMOW2 ſ 0 Ñ 0.124 and ŭ
17OVSMOW2 ſ 0 Ñ 0.070, N = 5, 

2SD) and SLAP2 (ŭ18OVSMOW2 = -55.283 Ñ 0.226 and ŭ17OVSMOW2 = -29.572 ± 0.141, N = 

3, 2SD) values measured during this study. The ŭǋ18O and ȹǋ17O values of silicates were 

adjusted to the VSMOW2-SLAP2-calibrated composition of San Carlos Olivine (SCO) 

analyzed within each session. As reported previously (Pack et al., 2016), the SCO values 

are ŭǋ18O = 5.140 ă and ȹǋ17O = ī0.049 ă. Our raw values along with SCO 
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measurements are reported in Table S1 (see Appendix A). The average raw 

measurements of SCO (n=9) are ŭǋ18O = 5.622Ñ0.105 ă, ȹǋ17O = ī0.089Ñ0.010 ă. 

We also measured ŭ18O values in situ in a quartz crystal extracted from the Krafla 

well KJ36 at depth of 744 m using ion microprobe. First, a polished section of quartz was 

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

a cathodoluminescence (CL) grayscale detector at the University of Oregon. The ŭ18O was 

analyzed from 10-µm-diameter spots using a secondary ion mass spectrometer (SIMS) 

CAMECA IMS-1280 at the WiscSIMS lab, University of Wisconsin. A polished grain of 

UWQ-1 quartz (ŭ18O = 12.33 ă) was mounted with the samples and used as a bracketing 

standard. The precision during the analyses was Ñ 0.4 ă or better (2 standard errors). 

2.2 Hydrogen isotope 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 from samples 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 carrier gas. In the TC/EAôs furnace lined with a glassy 

carbon column, samples experienced pyrolysis at 1450 °C, and all of the H2O in the 

minerals was pyrolized to H2 and CO gas. Extracted gas carried by He into a gas 

chromatograph where H2 is resolved from CO, which was discarded. 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 (ŭD = ī91 and ī28 ă, respectively) were included in each analytical session to 

monitor the accuracy of analysis. The ŭD values of fluid samples were determined using 

the same TC/EA set up through multiple injections directly into the glassy carbon 

column. 

2.3 Equilibrium fractionation calculations 

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

derive the ŭǋ18O values of equilibrium fluids using measurements of quartz: 

‏ ὕ ‏  ὕ  
Ȣ  Ȣ   

 
Ȣ Ȣ

    (9), 

and the ȹ'17O of equilibrium fluids: 
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 ῳ ὕ ῳ ὕ  

 
Ȣ  Ȣ   Ȣ Ȣ Ȣ Ȣ

     (10), 

where T is equilibrium temperature in Kelvins. At 250-400 °C, fractionation is such that 

ŭǋ18Oquartz īŭǋ
18Owater and ȹ'17Oquartz-ȹ'17Owater is about +4-9 ă and ī0.04 to ī0.01 ă 

respectively. At this temperature range, for most other secondary minerals the 18O/16O 

fractionation is smaller, ranging 1 - 2 ă difference between minerals and fluids (e.g. 

Zheng, 1993). Thus, epidote and garnet should have ŭǋ18O and ȹ'17O values similar to 

those of equilibrium water (Fig. 3). The approximate ȹǋ17O fractionation for epidote-

water could be derived from Eq. 10 by substitution of the first term with the incremental 

calibration of 18O/16O ratio given by Zheng, 1993: 

 ῳ ὕ ῳ ὕ  

 
Ȣ   Ȣ

ςȢςω
Ȣ Ȣ

    (11). 

The second term in Eq. 11 is borrowed from quartz-water fractionation (Eq. 10) and is 

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

250-400 ÁC, the ȹǋ17Omineral-water fractionation is very similar across different mineral 

species because the ɗ value (see Eq. 1) approaches 0.5305, its high-temperature 

fractionation limit (Matsuhisa et al., 1978; Bao et al., 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 quartz-epidote 

equilibrium fractionation given in Matthews (1994): 

 ρπππὰὲ‌ ‏ ὕ ‏  ὕ  

 ς πȢχυὢὴίρπȾὝ        (12),  

where Xps is mole proportion of pistacite in epidote, calculated as the proportion of iron 

in formula coefficient units, Fe3+/(Al+Fe3+). We used the Xps value 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 

ï 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; 

Zakharov and 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). Quartz-water equilibrium (Sharp et al., 2016) is shown with the blue 

curve. Epidote-water equilibrium fractionation at 200 and 300 °C is shown with green 

arrows (Zheng, 1993). B ï Values plotted for estimated equilibrium fluids computed from 

quartz-water 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 mid-ocean ridge basalts (MORB). The seawater exchanged with rocks at 

high temperature becomes higher in ŭǋ18O and lower in ȹǋ17O as shown with the solid 

black line. 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 quartz-water equilibrium calculations, ancient fluids of Reykjanes are 

~1 ă lower than modern day fluids, which might reflect contribution from glacial 

meltwater that has ŭǋ18O value much lower than modern meteoric water.  
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Figure 5. The ŭǋ18O ï ȹǋ17O values of minerals (A and C) and fluids (measured and 

computed; B and 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 bands on the right panels show the ŭǋ18O 

values of local fluid sources. The well fluids at Krafla system originated from exchange 

with rocks and liquid-vapor separation, which is reflected by their high ŭǋ18O values with 

ȹǋ17O similar to those computed from quartz-water equilibrium. The estimated 

equilibrium fluids 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 °C (grey-

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

with ŭǋ18O value of -8±1. They represent isotopically exchanged Miocene meteoric water 

that originated by evaporation of seawater with ŭǋ18O slightly lower than 0 ă due to 

smaller amount of continental ice compared to modern.  
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Figure 6. Combined ȹǋ17O and ŭD measurements of well fluids (A) and epidotes (B). A - 

The Reykjanes well fluids are best explained by small contribution of local meteoric 

water, subsurface boiling (>100 °C) and isotopic exchange with rocks. Krafla fluids 

represent residual liquid fraction after steam separation, which explains the heavy ŭD 

values compared to the exchange trend. B ï The ȹ'17O and ŭD values of epidotes are 

shown as boxes (compiled data from here and Pope et al., 2014). At Geitafell these values 

are consistent with the reconstructed meteoric water (ŭ18O of -8 ă), while epidotes from 

Reykjanes likely record contribution of low ŭ18O and ŭD Pleistocene waters (see 

discussion Pope et al., 2009). Krafla epidotes reflect equilibrium fluids close to pristine 

local meteoric water. 
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3.0 RESULTS 

3.1 Measured ŭǋ18O, ȹǋ17O and ŭD values  

The ŭǋ18O, ȹǋ17O and ŭD values of minerals and well fluids from Reykjanes and 

Krafla and mineral separates from Geitafell are reported in Table 1. 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 

hole/sample 

Depth, 

m 

Material ŭǋ18O, ă SE ȹǋ17O, 

ă 

SE ŭD, ă SE H2O, 

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 -64.5 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 -20.9 1.6   

RN12 
 

well fluids -0.125 0.001 -0.015 0.002 -20.9 1.6   

RN25 
 

well fluids 0.818 0.001 -0.017 0.002 -22.4 2.1   

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 -80.4 2.0   

Klafla pool  powerplant 

discharge 

-5.898 0.001 0.023 0.002 -76.6 2.1   

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 -95.9 4 2.3 

GTF 25 
 

quartz 2.219 0.004 -0.004 0.009 
  

  

GTF28 
 

epidote -6.500 0.004 0.035 0.009 -72.5 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 0.007 
  

  

GER34**  quartz 1.451 0.003 0.015 0.007       

 

The ŭD and ŭǋ18O values of Reykjanes well fluids range within -21Ñ1 ă and 

+0.5Ñ1 ă, respectively, and are in agreement with the previous studies (see Section 1.3), 
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allowing us to reliably interpret the new ȹ'17O data. The ȹ'17O values of Reykjanes well 

fluids range between -0.03 and -0.02 ă, in general agreement with seawater-dominated 

origin of the fluids. The three measurements of Krafla fluids, that range in ŭǋ18O between 

-8 and -6 ă, are several ă higher than the local precipitation (ŭǋ18O = -13 ă) since they 

represent the remaining liquid of the fluids that underwent boiling and steam-liquid 

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

One sample has a particularly high ŭǋ18O value of -5.9 ă. This sample (Krafla pool; 

Table 1) represents the power plant discharge at Krafla. Despite being the remaining 

liquid, the Krafla fluids have distinctly high ȹǋ17O values of about +0.02-0.03 ă, similar 

to that of meteoric waters (Luz and Barkan, 2010).  

Our epidote measurements from all three localities have ŭD and ŭǋ18O values 

consistent with previous reports (Pope et al., 2014), which allows us to validate our triple 

oxygen isotope approach to trace fluids in fossilized hydrothermal systems. The ŭǋ18O and 

ȹ'17O values of Reykjanes epidotes are close to seawater values, varying between 0 and 1 

ă, and -0.04 and +0.01 ă respectively (Fig. 4). The Krafla epidotes have low ŭǋ18O 

value, between -14 and -11 ă, and high ȹǋ17O values of +0.02 and +0.07 ă, similar to 

the values of meteoric water (Luz and Barkan, 2010). Geitafell epidotes have ŭǋ18O values 

between -7 and -5 ă, and ȹǋ17O values between +0.01 and +0.05 ă. The quartz samples 

are consistent with equilibrium fractionation at the temperature range between 250 and 

400 °C being about 5-9 ă higher than the well fluids and epidotes. Their ȹǋ17O values 

are about 0.03-0.05 ă lower than the respective fluid sources and epidotes. Our 

measurements constrain apparent fractionation between quartz and epidote in triple 

oxygen isotope system estimated as shown in the Eq. 4. The mean and standard error of 

the slope in ŭǋ17O-ŭǋ18O coordinates is 0.526 ± 0.001 and shown for each locality along 

with the 95 % confidence intervals (Fig. 4 and 5). 

3.2 Computed equilibrium fluids 

Using the boiling point-depth to estimate temperature, the ŭǋ18O values of 

equilibrium fluids were computed based on quartz measurements and the Eq. 9 and 10 

(Sharp et al., 2016; Wostbrock et al., 2018). The resulting ŭǋ18O and ȹ'17O values are 

displayed in Figures 4 and 5. At Reykjanes, equilibrium fluids are about -1 ă, lower than 

the modern well fluids in ŭǋ18O, with the ȹ'17O values around -0.03 ă. At Krafla, the 
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equilibrium fluids have ŭ18O values between ī14 and -10 ă (Pope et al., 2016), and 

range in ȹ'17O between 0 and +0.06 ă. Equilibrium fluids at Geitafell range in ŭǋ18O 

between ī9 and ī3 ă, and have ȹ'17O values between 0 and +0.03 ă. In all three of the 

systems we studied here, very few measured quartz compositions returned values of 

pristine seawater or meteoric water.  

3.3 Error analysis 

The uncertainty of ŭǋ18O and ȹ'17O values of equilibrium fluids was 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 

ă for ŭǋ18O and 0.010 ă for ȹ'17O. The uncertainty of ±30 °C was used as the largest 

possible error on the temperature estimate given by the variations in the well log 

measurements. The resulting propagated uncertainty of equilibrium fluids are 1.151 ă 

for ŭǋ18O and 0.011 ă for ȹ'17O (1SE). It is worth mentioning that the equilibrium 

fractionation of ȹ'17O values between water and quartz at temperature is not resolvable in 

the range 350-400 ÁC due to analytical uncertainty of ~0.01 ă.  

3.4 In situ ŭ18O measurements of Krafla quartz 

The cathodoluminescence (CL) image and the heterogeneous ŭ18O values 

measured in situ in a quartz crystal from Krafla are shown on Fig. 7A. The CL-pattern 

reveals features indicative of precipitation at different temperature manifested by 

different brightness (Fig. 7A). The ŭ18O values measured in situ decrease outwards: the 

core of the crystal has values between -1 and 0 ă, while the outermost rims are about -4 

ă (Fig. 7B). We show the effect of decreasing temperature and evolving fluids on the 

triple oxygen isotope composition of equilibrium quartz in Figure 7B.  

3.5 Distribution of ŭǋ18O values at the Geitafell system 

In addition to the triple oxygen isotope measurements, we present the spatial 

distribution of ŭǋ18O values measured in quartz and epidote separates from Geitafell. The 

values are reported in Table S2 (see Appendix A). The ŭǋ18Oquartz - ŭǋ
18Oepidote values 

range between 5 and 10 ă, approaching the minimum near the contact of the Geitafell 

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 pyroxene-magnetite pair from the gabbro intrusion. The fractionation 
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between igneous minerals, ŭǋ18Opyroxene ï ŭǋ
18Omagnetite = 2.6 ă, corresponds to equilibrium 

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

 

 

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

of 744 m and analyzed by SIMS for oxygen isotopes. The ŭ18O values (shown in white) 

vary from 0 ă to about -4 ă implying a temperature increase from 190 to 270 °C if a 

constant value of equilibrium fluids (ŭǋ18O  = -13 ă) is assumed. B ï The effect of 

temperature increase and simultaneous 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 showing quartz at 300 and 150 °C. The bulk measurement of 

such quartz crystals returns ŭ18O values of around -2 ă with ȹ'17O values 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 their respective 

fluid sources, confirming that ȹ'17O measurements provide useful constraints for tracking 

water-rock interaction. First of all, our results validate previous studies of ancient 

hydrothermal systems that have implications for the paleoenvironmental conditions 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 composition of seawater over the 

course of geologic history, while continental hydrothermally altered rocks can serve as a 

paleoclimate proxy given strong dependence of ŭ18O in meteoric water and mean annual 

temperature (Dansgaard, 1964). In addition, below we consider how triple 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 consider the macroscopic 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 hydrothermally altered rocks by mantle-derived 

magmas can be constrained from the triple oxygen isotope mass balance due to 

distinction of ȹ'17O values of the end-members. 

4.1 ȹ'17O 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 measured ȹ'17O in well fluids 

to capture possible isotopic shifts occurring in modern hydrothermal systems that enable 

us to establish a basis for understanding fossilized systems. The extent of negative shift in 

ȹ'17O is similar to the shift previously noted in reconstructed fluids from modern 

subseafloor rocks that were altered at 300-350 °C (Fig. 4B; Zakharov and Bindeman, 

2019). The isotopic exchange with unaltered mantle-derived rocks produces negative 

shifts in ȹǋ17O and positive shifts in ŭǋ18O values, while the ŭD values stay unchanged due 

to limited availability of hydrogen in igneous rocks. In all three systems we measured 

ȹǋ17O shifts that range between -0.01 and -0.03 ă and about +0.5 to +2 ă shifts in ŭǋ18O. 

Thus, water-rock interaction produces hydrothermal fluids that evolve along the slope of 

0.510-0.516 in ŭǋ17O-ŭǋ18O space. This is similar to the estimate provided by Sengupta 

and Pack (2018) for the input of hydrothermal alteration in the hydrosphere. In the 

seawater-dominated Reykjanes system, the ŭǋ18O of well fluids are close to those of 

seawater, i.e. 0 ă VSMOW, with ȹǋ17O around -0.025 ă (Fig. 4). Their ŭǋ18O values are, 

however, not quite as high as in seawater-derived fluids (+0.5-2 ă; Shanks, 2001) and 

together with the low ŭD values (-20 ă), it hints at participation of meteoric water in the 

measured fluids (Arnórsson, 1978; Pope et al., 2011). Together, the hydrogen and triple 

oxygen isotopic values of these fluids reflect a combination of isotope exchange with 

rocks at high temperature and about 10-20 % involvement of local meteoric water (see 

Fig. 6). Thus, the ȹǋ17O values slightly below 0 ă, are interpreted as the effect of 

isotopic exchange with rocks at high temperature (Fig. 4). Using the triple oxygen isotope 
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approach, we estimate the effective water-to-rock mass ratios (W/R) between 0.1 and 1, 

assuming that initial fluids had ŭǋ18O and ȹǋ17O of -1 and +0.01 ă respectively (Fig. 4). 

Finally, some contribution of steam to the well fluids is manifested by ŭǋ18O and ŭD 

values that are shifted negatively from the trajectories of exchange with MORB (Fig. 4 

and 6).  

 

 

Figure 8. Spatial distribution of ŭǋ18O values in epidote (A) and quartz (B) from 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). The ŭǋ18O values plotted as a function of distance from the intrusion contact shown 

in panel (D). Based on the ŭǋ18Oquartz-epidote fractionation, the temperature around the 

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

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 shallow hydrothermal systems should follow a slope similar 

to meteoric water line in the ŭǋ18O ï ȹǋ17O space due equilibrium fractionation between 

vapor and liquid (ɗvapor-liquid = 0.529; see Eq. 1). This value was constrained from low 

temperature experiments (< 50 °C; Barkan and Luz, 2005) and is likely higher, closer to 

0.5305, for boiling water at depth. Thus, boiling affects ŭǋ18O and ŭD values of fluids in 

accordance with liquid-vapor equilibrium fractionation (Horita and Weselowski, 1994), 

causing only small variations in ȹǋ17O. As an example, the well fluids at Krafla are 

derived from local meteoric waters (ŭǋ18O = - 13 ă) and are enriched in heavy isotopes 

of oxygen so that their value close to -8 ă due to boiling and steam separation that 

occurs near the surface (Pope et al., 2016). Essentially, these samples were shifted 

parallel to the meteoric water line from their parental fluids, the ȹǋ17O of these fluids 

were likely shifted only about 0.005 ă (Fig. 5). At a temperature close to 100 ÁC, and the 

values of oxygen isotope fractionation, ɗliquid-vapor = 0.529 (Barkan and Luz, 2005) and 

1000ln18/16Ŭ close to 5 ă (Horita and Weselowski, 1994), the ŭ18O of remaining liquid 

computed as Rliquid = Rbulk *(1-fŬ)/1-f, corresponds to about 70-90 % of original fluid that 

had ŭǋ18O of around -10 ă due to isotopic exchange with rocks. Similarly to Reykjanes 

fluids, the ȹ'17O values of projected unseparated fluids are shifted negatively by 0.03 ă 

with respect to the meteoric water line (Fig. 6), which we interpret to result from  isotope 

exchange with rocks, which is supported by previous measurements of unseparated 

geothermal fluids at Krafla (Ármannsson et al., 2014; Pope et al., 2016). The ŭD values 

clarify the effect of boiling and separation of steam from the remaining liquid likely 

occurred between 100 and 200 ÁC (see Fig. 6). Consistent with the ŭD values of 

measured fluids and their triple oxygen isotope values, the isotopic shifts measured in 

Krafla well fluids correspond to W/R ratio of about 1-2. We thus conclude, that the ȹ'17O 

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 

powerful way to constrain subsurface processes that occur in a hydrothermal system and 

could be applicable for geothermal exploration.  

4.2 Mineral record of ȹǋ17O in fluids at depth 
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The measured ȹ'17O values of minerals are reflective of fluids that were present at 

depth in the past, which for the most part are similar to the modern-day geothermal fluids 

(Sveinbjornsdottir et al., 1986). Supporting this are epidotes that have ȹ'17O and ŭ'18O 

values close to the modern-day sources of fluids owing to small equilibrium fractionation 

at high temperature (103ln18/16Ŭepidote-water å 0-1 ă; Zheng, 1993). Epidotes from Krafla 

and Geitafell, fall nearly on the meteoric water line, while at Reykjanes, epidote 

compositions are very similar to seawater and to well fluids. Similarly, one sample of 

garnet from the Geitafell system has triple oxygen isotopic composition close to that of 

meteoric water. It is expected, that the ȹ'17O of minerals with small fractionation would 

be close to that of fluids, i.e. within 0.01 ă at these temperatures (Hayles et al., 2018). 

This small range, Ñ0.01ă, is at the limit of analytical precision (Ñ0.02 ă, i.e. 2 standard 

errors), thus precluding meaningful determination of the reason for small variations in the 

ȹ'17O of epidotes. Nevertheless, epidotes provide first order estimates of ȹǋ17O in 

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 isotope calibrations 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 small ȹǋ17Omineral-water fractionation 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 composition of unmodified meteoric water or seawater, suggesting 

that fluids underwent isotopic exchange with rocks (Fig. 4 and 5). In addition to that, at 

Reykjanes, quartz equilibrium fluids are lower by about 1 ă than the directly measured 

modern-day well fluids. Involvement of ancient meteoric or glacial water with low ŭ18O 

values would explain these values, as suggested by Sveinbjornsdottir et al. (1986) and 

Pope et al. (2014; Fig. 4). At Krafla, most of the equilibrium fluids have ŭ18O values 

between ī15 and ī10 ă and ȹ'17O between +0.01 and +0.05 ă, which are close to the 

modern meteoric water (Fig. 5). The negative shifts in the ȹ'17O of equilibrium fluids 

compared to meteoric water likely result from isotope exchange with rocks at high 
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temperature. The computed fluids at Krafla have ȹǋ17O values that overlap with each 

other at 95 % confidence level (~2 standard errors), however the ŭǋ18O values of -15 ă 

are puzzling. We interpret this could be a combined effect of isotopic exchange between 

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

which would have ŭǋ18O values lower than the modern-day fluids (Fig. 6). In addition, the 

applied mineral-water 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 Geitafell system indicate that the ŭ'18O values of 

equilibrium fluids range between ī9 and ī3 ă, resembling previous estimates (Pope et 

al., 2014). The reconstructed ȹ'17O values of the fluids (-0.01 to +0.04 ă) are 

consistently lower than those of inferred meteoric water with ŭǋ18O of -8 Ñ 1 ă as 

indicated by measurements of epidotes. The much lower ȹ'17O values are likely due to 

exchange with rocks during prolonged water-rock interaction that might be recorded by 

quartz but not epidote. Quartz can grow over a wider range of temperatures than epidote 

and commonly forms late-stage veins at low temperature, as low as 150 °C. Below we 

discuss the evidence 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 systems 

The ŭ18O measurements by SIMS presented here show that quartz crystals at 

Krafla may have grown as temperature changed. The range of values (Fig. 7A) from core 

to rim, ~ 0 ă to ~ -4.4 ă, could result from temperature increase from about 190 to 270 

°C, assuming constant value of equilibrium fluids (Eq. 9). This particular quartz 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 inferred to match a lithological unit 

with low permeability that prevents heat transfer and thus conducts heat slower than the 

surroundings (Sveinbjornsdottir et al., 1986). The decrease of ŭ18O in the quartz grain 

would be consistent with a temperature increase as heat propagated 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 

ȹǋ17O values intermediate between maximum and minimum fractionation defined by the 
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Eq. 10 at the temperature range 190-270 °C. Due to concave up shape of the mixing 

curve, such quartz crystal would have ȹǋ17O value lower than that of quartz growing from 

fluid isothermally (Fig. 7B). In this quartz crystal, mixing between low- and high-

temperature end-members within same sample contributes to inaccurate determination of 

ȹ'17O in equilibrium fluids. This can be further exacerbated by evolving fluids as the 

exchange between pristine water and unaltered rock progresses (Fig. 7B).  

The spatial distribution of ŭ18O values in the rocks surrounding the Geitafell 

intrusion display a pattern also consistent with non-isothermal equilibrium fractionation 

around plutons (Fig. 8) that were emplaced in the shallow crust causing circulation of 

meteoric waters around them (Taylor, 1974; Forester and Taylor, 1979; Wotzlaw et al., 

2012). The ŭ18O values of epidote vary much less than those of quartz, partly due to its 

smaller fractionation factor and partly, due to high temperature of formation (>250 °C; 

Bird and Spieler, 2004). The ŭ18O of quartz increases with distance from the contact and 

forms multiple generations of precipitation at different temperatures and equilibrium 

fluids (Liotta et al., 2018). The ȹǋ17O measurements of quartz from the host rocks used 

here to reconstruct the ŭǋ18O value of evolving fluids could be further employed to 

provide a record of heat and mass transfer followed the emplacement of the intrusion.  

4.4 Implications for magmatic assimilation and origin of low ŭ18O rhyolites 

Shallow hydrothermal alteration of volcanic rocks produces low- ŭ18O rocks that 

can be deeply buried then assimilated by partial melting to yield low- ŭ18O magmas. 

Similarly to radiogenic isotopes, major elements, and trace elements, 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 carry a low-ŭ18O 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 epidote and quartz, 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 crustal assimilation on the triple oxygen isotopic 

composition of contaminated magmas. Since magmatic differentiation occurs at high 
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temperature, the ȹ'17O values of primitive and evolved magmas do not vary significantly 

at the level of analytical precision in the range of values ȹ'17O = -0.06Ñ0.01 ă (Tanaka 

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 rocks (ȹ'17O = +0.03 Ñ 0.01 ă), could be resolved within the analytical precision. 

From triple oxygen isotope composition, we estimate that the low-ŭ18O rhyolitic magmas 

from Krafla, including those quenched and extracted by drill hole IDDP-1, were derived 

from assimilation of 10-30 % hydrothermally altered crust and 70-90 % uncontaminated 

magmas (Fig. 9). These estimates assume that uncontaminated magmas had a ŭǋ18O value 

between 5.5 and 6.5 ă and assimilated hydrothermally altered rocks had ŭǋ18O of around 

-8 ă. These estimates agree well with previous calculations based on combined 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 balance might help to resolve the nature of recycled material in 

other geological situations where the contaminant has very high ŭ18O and low ȹ'17O 

values, such as low temperature sedimentary rocks (e.g. shales with ȹ'17O = -0.10 ± 0.01 

ă; Bindeman et al., 2018).  
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Figure 9. Triple oxygen isotopic systematics of assimilation of low ŭ18O hydrothermally 

altered crust at Krafla by mantle-derived magmas. The contribution of low ŭǋ18O and high 

ȹ'17O 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 IDDP-1 and surface 

rhyolites are consistent with assimilation of 20 % of hydrothermally altered crust by 

mantle-derived melts. The composition of hydrothermally altered crust is represented by 

average composition of bulk hydrothermally altered basalts measured previously (data 

from Herwartz et al., 2015 recalibrated to SCO composition from Pack et al., 2016) that 

can be also reproduced by mixing between average values of epidote and quartz. 

 

5.0 Conclusions 

We have presented high-precision measurements of ȹǋ17O in hydrothermal 

minerals and fluids from 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 different isotopic composition. We found that: 

1. Similar to combined ŭD and ŭ18O measurements of hydrous minerals, the triple 

oxygen isotope measurements can uniquely fingerprint initial fluids, constrain 

temperature of alteration and effective water-rock ratios. Our results support previous 

triple oxygen isotope studies of Proterozoic rocks that exchanged with extremely low-

ŭ18O meteoric waters (Herwartz et al., 2015; Zakharov et al., 2017) and seawater 

(Zakharov and Bindeman, 2019).  
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2. Triple oxygen isotope measurements of geothermal fluids collected at the 

surface present a novel way to resolve the effects of isotopic exchange with rocks at high 

temperature and boiling, which complements the conventional ŭD-ŭ18O measurements. 

The negative ȹǋ17O shifts in fluids are due to high-temperature exchange between rocks 

and local fluid sources, whereas shifts in ŭǋ18O without a significant change in ȹǋ17O are 

due to boiling and vapor-liquid separation. 

3. Especially insightful are measurements of high-temperature minerals with 

small oxygen isotope fractionation, such as epidotes and garnet, that provide a close 

estimate of ȹ'17O in the equilibrium fluids. In our case, epidote has isotope compositions 

almost identical to the well fluids in Reykjanes and Krafla. Geitafell epidotes record 

isotopic composition of Miocene meteoric water with ŭǋ18O of -8 ă.  

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 within Ñ1.5 ă and Ñ 0.02 ă in ŭǋ18O and ȹ'17O of the well fluids 

at respective localities. However, the in situ ŭ18O measurements provide evidence that the 

equilibrium calculations might suffer inaccuracy from presence of multiple generations of 

equilibrium compositions within single crystals. Estimated slope of quartz-epidote 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 magmas might be used to 

inform about the amount of assimilated material. The ȹ'17O values of low ŭ18O rhyolites 

from Krafla are consistent with assimilation of 10-30% of high-temperature 

hydrothermally altered crust.  

6.0 Bridge  

Chapter II highlights the effectiveness of ȹ17O measurements based on the study of 

modern geothermal areas of Iceland. The ȹ17O values measured in fluids and minerals add 

a new dimension to resolving the effect of water-rock exchange and shallow boiling. These 

results provide basis for all subsequent chapters that address the environment of ancient 

hydrothermal systems. Our measurements of ŭD, ȹ17O, and ŭ18O in well fluids show that 

the reactions proceeded at water-rock ratios of 0.1 to 2, and they reveal the addition of 

meteoric water in the Reykjanes system, and near-surface boiling and steam-liquid 
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separation at Krafla. Epidote isotope composition in all three localities closely resemble 

the isotope composition of local fluid sources (either inferred from ŭD values or measured 

directly). The Chapter II shows that the ȹ17O values can provide key control on the extent 

of water-rock exchange that was not accessible through conventional analyses of ŭD and 

ŭ18O. The distinction between basalt-seawater and basalt-meteoric-water reactions in 

hydrothermal systems are clearly resolved and thus, can be studied in ancient 

environments. In Chapter III, I present the results of mineralogical, fluid inclusion, 

hydrogen, and triple oxygen isotope analyses of submarine hydrothermal altered rocks 

from the early Paleoproterozoic (2.43-2.41 Ga) Vetreny belt. I also present triple oxygen 

isotopic composition of quartz and epidote that formed in a high-temperature 

hydrothermally altered, relatively young (6-7 Ma), oceanic crust sampled by the Ocean 

Drilling Program Hole 504B in the eastern Pacific Ocean. The study is aimed to derive the 

ŭ18O, ȹ17O and ŭD values of the 2.43-2.41 Ga seawater. These constraints provide insights 

into the role of submarine hydrothermal alteration in the stable isotopic budget of seawater 

throughout Earthôs history.  
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CHAPTER III 

TRIPLE OXYGEN AND HYDROGEN ISOTOPIC STUDY OF HYDROTHERMALLY 

ALTERED ROCKS FROM THE 2.43-2.41 GA VETRENY BELT, RUSSIA: AN 

INSIGHT INTO THE EARLY PALEOPROTEROZOIC SEAWATER 

From Zakharov, D.O.  and Bindeman, I.N. (2019) Triple oxygen and hydrogen 

isotopic study of hydrothermally altered rocks from the 2.43-2.41 Ga Vetreny belt, 

Russia: An insight into the early Paleoproterozoic seawater. Geochimica et 

Cosmochimica Acta, 248, 185-209. 

 

1.0 Introduction  

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, and temperature of the oceans. 

Consequently, the ŭ18O and ŭD values of the ancient seawater, especially in the 

Precambrian, has been an alluring subject for geochemical investigations (Perry, 1967; 

Knauth and Lowe, 1978; Gregory and Taylor, 1981; Holland, 1984; Shields 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 

(Muehlenbachs and Clayton, 1976; Stakes and OôNeil, 1982; Alt et al., 1986; Alt et al., 

1995; Alt and Bach, 2006) made a significant contribution by showing that low- and 

high-temperature interaction between oceanic crust and seawater plays a ubiquitous role 

in the stable isotope budget of hydrosphere over the course of geologic time. Compared 

to fresh unaltered basalt with ŭ18O = 5.5 ï 5.8 ă VSMOW (Hoefs, 2015), the upper 600 

m of modern seafloor basement composed of pillow basalts attains high ŭ18O values, 

between 6 and 10 ă due to low-temperature (<100 °C) alteration and submarine 

weathering. The next 5-6 km of oceanic crust below that are low in ŭ18O, between 1 and 5 

ă due to high-temperature hydrothermal alteration generated at mid-ocean ridges 

(Muehlenbachs and Clayton, 1976; Alt et al., 1996). The interaction between ancient 

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 Earthôs hydrosphere. Studies of exposed Mesozoic oceanic crust including the 
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Samail, Troodos, Josephine ophiolites (Heaton and Sheppard, 1977; Gregory and Taylor, 

1981; Schiffman and Smith, 1988) showed that the ŭ18O of seawater was unlikely to be 

significantly different from the modern-day value. Older ophiolites are rare and are often 

altered by metamorphism, hampering the ability to make accurate determinations of the 

ŭ18O value of seawater. Several such studies, however, suggested that the ŭ18O value of 

Paleozoic, Proterozoic and even Archean seawater must have also been within Ñ 2 ă of 

the modern-day value (e.g. Holmden and Muehlebachs, 1993; Fonneland-Jorgensen et 

al., 2005; Furnes et al., 2007). 

On the other hand, Precambrian and early Phanerozoic marine sediments yield 

ŭ18O values as much as 10 to 20 ă lower than modern analogues (Veizer et al., 1999; 

Shields and Veizer; 2002; Knauth and Lowe, 2003). To explain this, many authors called 

for very low ŭ18O values of the Precambrian seawater, between ī15 and ī10 ă, or much 

higher temperatures (up to 80-90 °C) of oceans at constant ŭ18O of seawater, or 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 now (see Jaffrés et al., 2007 and references 

therein). While the argument of poor preservation of the original ŭ18O signal in 

sedimentary rocks is often invoked, there are possible explanations for low ŭ18O values of 

the Precambrian seawater involving long term secular changes of the 18O fluxes in the 

hydrosphere due to ongoing subduction and changing ocean depth (e.g. Kasting et al., 

2006; Wallmann, 2001). Since the low ŭ18O values of ancient marine sediments are 

common in Proterozoic and Archean formations, and the record provided by Precambrian 

ophiolites is sparse, it is worth pursuing more accurate and precise determinations of the 

seawater ŭ18O value from well preserved rocks using modern analytical methods. 

The coupled behavior of hydrogen and oxygen isotopic composition of seawater 

through geologic time could help to resolve the controversy (e.g. Hren et al., 2009) but 

the ŭD value of seawater in the distant past is difficult to explore due to poor preservation 

of the original ŭD values in common hydrous minerals (Kyser and Kerrich, 1991). 

Additionally, the potential decoupling of the ŭD and ŭ18O values in the Archean seawater 

(e.g. due to hydrogen loss; Zahnle et al., 2013) has not yet been explored extensively in 

the rock record (one study by Pope et al., 2012).  



 

36 

 

The advent of high-precision ŭ17O measurements could provide much needed 

additional constraints on the ŭ18O of ancient hydrosphere based on mass-dependent 

fractionation of oxygen isotopes. Improved understanding and the growing number of 

high-precision studies on mass-dependent 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 

sufficient to derive the ȹ17O of ancient seawater from measurements of minerals that 

originated in a submarine environment. Combined analysis of ŭD and ȹ17O values in 

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 

hydrosphere-lithosphere interactions. 

In this paper we investigate the products of hydrothermal alteration of well-

preserved komatiitic basalts from the 2.43-2.41 Ga Vetreny belt 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 high-temperature interaction with seawater recorded 

shortly after eruption, during the period of cooling of magmas (104-105 years), and are 

often far less subjected to post-depositional alteration compared to the sedimentary 

record. Oxygen isotopes bonded in large crystals (>1 mm) of silicate 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 2.43-2.41 Ga seawater, 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 well-suited to study ancient water-rock 

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 Vetreny belt motivated us to draw a 

comparison to the high-temperature hydrothermally altered rocks from the relatively 

young (6-7 Ma) oceanic crust recovered by the Ocean Drilling Project (ODP) Hole 504B 

located in the eastern Pacific seafloor. The drill core provides samples of basalts, sheeted 
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dikes, and plutonic rocks from the sub-seafloor section of oceanic crust that were altered 

at 300-400 °C by seawater-derived fluids. Coarse-grained aggregates of epidote, quartz, 

calcite, and other secondary minerals that commonly form veins allow for separation, and 

analysis of single mineral grains, and subsequent equilibrium isotopic calculations to 

derive ŭD, ŭ18O, ȹ17O, and the temperature of equilibrium fluid that closely reflects 

seawater. This work adds to several existing ŭ18O studies of Archean and 

Paleoproterozoic submarine hydrothermally altered basalts (Holmden and Muehlenbachs, 

1993; Gutzmer et al., 2003; Furnes et al., 2007) and provides first estimates of ȹ17O and 

ŭD values of the 2.43-2.41 Ga seawater. We are also motivated by our previous studies of 

the ultra-low ŭ18O rocks (as low as ī27 ă) from the neighboring metamorphic 

Belomorian belt, where 2.44-2.41 Ga mafic intrusions interacted with glacial meltwaters 

during the earliest episode of snowball Earth glaciation (Bindeman et al., 2014; Zakharov 

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

ŭ18O glacial meltwaters near equator (Salminen et al., 2014; Bindeman and Lee, 2018), 

the almost coeval and geographically proximal 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, and coeval intrusions. The inset shows 

its location within the Baltic Shield and other 2.44-2.41 Ga supracrustal belts (grey-

green). The localities are shown with open squares: Myandukha, Shapochka, Golec and 

nearby Ruiga intrusion. Separated by a tectonic fault, the Belomorian belt preserves the 

snowball-Earth-age ultralow-ŭ18O 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 the age of komatiitic 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 volcano-sedimentary 

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 sandstones, conglomerates, 

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 sea onto the land (Strand and 

Laajoki, 1993; Ojakangas et al., 2001; Melezhik et al., 2013). Even though the Vetreny 

belt is not a well-studied basin with no conclusive results about the depositional 

environment, the environment of other contemporaneous basins of the Karelia craton 

have been interpreted as shallow marine or glacial-marine at 2.4-2.3 Ga (Ojakangas et al., 

2001), suggesting that the Vetreny belt also represents accumulation in a submarine 

environment.  

 The komatiitic basalts were deposited on top of the sedimentary-volcanic 

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 subvolcanic complex 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 remarkably well-preserved 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 al., 2003), and 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 subvolcanic mafic intrusions. Occurrence of pillow 

structures and ñspiliticò assemblages of secondary minerals similar to those observed in 

modern-day submarine basalts also suggests hydrothermal alteration in presence of 

seawater. Moreover, the submarine nature of alteration at the Vetreny belt is supported by 

the presence of saline fluid inclusions hosted in quartz veins. 
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Figure 2. Hydrothermal alteration of komatiitic basalts in the Vetreny belt. A ï Pillow 

basalts as exposed in a quarry wall cut with a large circular 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 diopside; B ï polished hand 

specimen of interpillow fill showing 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). C ï Hydrothermal breccia with angular fragments of 

komatiitic basalt (black) surrounded by alteration aggregates of chlorite and amphibole 

(green) and cemented by white quartz (sample VB13). D ï Quartz vein cutting through 

komatiitc basalt.  Quartz (qz), calcite (cc) and epidote (ep) were extracted from the 

sample and analyzed for ŭ18O, ŭ13C and ŭD (sample VB8A in Table 1). Homogenization 

of fluid inclusions in the quartz yields temperature of 358 ± 31 °C. E - Thin section of 

hydrothermally altered hyaloclastite. Fragments of komatiitic basalt (brown) are 

surrounded by chilled margins (black sharp) that are concentrically altered inward (light 

brown) and cemented by quartz-amphibole-chlorite aggregate with muscovite (sample 

Mya1 in Fig. 3C); D ï komatiitic basalt with spinifex texture formed by splintery crystals 

of clinopyroxene enveloped 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 komatiitic basalts (Fig. 1) were dated to 

2437 ± 3 Ma using high-precision ID-TIMS 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 limit is interpreted to be 2407 ± 6 

Ma as constrained by Re-Os isochron method (MSWD = 6.5) for whole-rock samples, 

olivine, and chromite separates (Puchtel et al., 2016). A single zircon extracted from a 

differentiated komatiitic basalt flow yielded an identical age of 2405 ± 6 Ma (ID-TIMS; 

Mezhelovskya et al., 2016). The subvolcanic mafic layered intrusion Ruiga located at the 

Golec locality (Fig. 1) was dated to 2390 ± 50 Ma using Sm-Nd isochron method 

(MSWD = 1.6; Kulikov et al., 2008) and to 2415 ± 15 Ma using three 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 metamorphism  

Most parts of the Karelia craton experienced metamorphic overprint during the 

Svecofennian period of metamorphism (1.90-1.85 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 south-east 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 coexisting features of 

hydrothermal alteration (see Fig. 2) were previously categorized as rocks of prehnite-

pumpellyite facies (Bushmin and Glebovitsky, 2015), similar to how modern-day 

submarine hydrothermally altered rocks are described to be metamorphosed in zeolite, 

prehnite-pumpellyite 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 fluids in situ 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 sections in the 

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 Sample 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 outcrops exposed during 

glacial retreats and in multiple quarries in the vicinity of the town of Severoonezhsk, 

Russia, and is the southern-most locality studied here. The Golec locality is a hill with 

steep slopes that expose the volcanic flows and subvolcanic intrusion Ruiga in the 

northern-most 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 at 1.90-1.85 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 expressed in 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 green compared to brown-grey 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 are referred 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 separated 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 brown and 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 (Fig. 2F). The 

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, fine-grained interpillow fills and altered gabbros were analyzed for 

ŭ18O and ŭD as whole rock samples due to difficulty of extracting single grains of 

minerals.  

The 6-7 Ma submarine hydrothermally altered rocks from the eastern Pacific 

seafloor were extracted by the Hole 504B (ODP legs 83 and 70). Most samples are from 

leg 83 (prefix 83-; see Tables 1 and 2), from depths 995 ï 1000 m below the sub-seafloor 

basement (without sedimentary cover). This interval represents the upper section of 

sheeted dikes complex, where basaltic rocks are altered to low ŭ18O values at 

temperatures above 250 °C (Alt et al., 1996). One sample was extracted from shallower 

levels (leg 70, depth of 378 m; prefix 70-) representing a mid-ocean ridge basalt (MORB) 

that underwent modest submarine weathering. The mineralogical, chemical, and isotopic 

composition throughout Hole 504B, including the Legs 70 and 83 can be found in Alt et 

al. (1996). 

4.0 Methods 

Powdered samples of fine-grained massive altered komatiitic basalts were 

analyzed using X-ray diffraction (XRD) with several matching samples analyzed by X-

ray fluorescence (XRF). The XRD patterns were collected by Rigaku Rapid II system 

(Mo-KŬ radiation) at the University of Wisconsin, and major element composition was 

determined using an XRF Axios analyzer at Pomona College, California. Percentages 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 University of Oregon. 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 

voltage, beam diameter 10 ɛm and 0.1 sec count time for each element per pixel. Spot 

analyses of selected minerals were performed under same conditions except count time 

was 60 seconds per element. Microthermometry measurements of fluid inclusions in 



 

44 

 

quartz were conducted using Fluid Inc. USGS-type heating-cooling stage. 

Reproducibility of each measurement is within ±2°C.  

The ȹ17O and ŭ18O analyses were carried out at the University of Oregon Stable 

Isotope Lab using a gas-source MAT253 mass spectrometer equipped with a laser 

fluorination line. For oxygen isotope analyses we used whole rock samples (1.2 ï 2 mg) 

of massive, altered, komatiitic basalts, fine-grained interpillow fills and separated crystals 

of quartz, calcite, and epidote. Mineral separates were examined under a binocular for 

inclusions of other minerals prior to analysis. Analytical procedures for conventional 

ŭ18O analyses followed as reported in Bindeman et al. (2014). Triple oxygen isotope 

analyses carried out using the same procedure reported in Zakharov et al. (2017) 

including the gas chromatographic column for purification of generated O2. For hydrogen 

isotope analyses we used a continuous flow system TC/EA-MAT253 at the University of 

Oregon, following standardization and normalization procedures described in Martin et 

al. (2017). The ŭ18O, ŭD, ȹ'17O are reported relative to the VSMOW (Vienna Standard 

Mean Oceanic Water). The average precision of conventional ŭ18O analysis is Ñ0.1 ă. 

The average precision of ŭD analysis by TC/EA is Ñ 1 to 4 ă; the precision of H2O 

determination is estimated to be ±0.05 wt. %. The precision of triple oxygen isotope 

analysis is Ñ0.01 ă or better for ŭ'18O and ±0.010-0.015 ă for ȹ'17O. Carbonates were 

analyzed for ŭ18O and ŭ13C by reaction with phosphoric acid using GasBench in 

continuous flow mode with He-gas as carrier. The precision is Ñ0.2 ă for ŭ18O and ±0.1 

ă for ŭ13C values of carbonates. All analytical precisions are reported as 2 standard 

errors. The ŭ34S analysis was carried out at the University of Nevada, Reno, Stable 

Isotope Lab followed the procedure reported in Grassineau et al. (2001) with precision of 

Ñ 0.2 ă reported relative to VCDT (Vienna Canyon Diablo Troilite). 

Accuracy of the triple oxygen isotope analyses was monitored by analyzing San 

Carlos olivine (SCO) for which high-precision measurements are published (Pack and 

Herwartz, 2014; Pack et al., 2016). The SCO yielded ŭǋ18O = 5.445 Ñ 0.088 ă and ȹǋ17O 

= ī0.081 Ñ 0.008 ă (mean Ñ standard error, n=9; Table A.1), which agrees with results 

published in previous studies (Pack and Herwartz, 2014). However, the more recent 

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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ȹ'17O value of SCO by about 0.030 ă from our value (Pack and Herwartz, 2014). Since 

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; see Table S1 in Appendix B).  

The linearized delta-notation ŭ'18O and ŭ'17O is used here to address the non-

linearity of the relationship between conventionally expressed ŭ18O and ŭ17O. Following 

Miller (2002), linearized notation is expressed as: 

ᴂὕ‏  ρπππὰὲ ρ        (1), 

where x is either 17 or 18. The value of ȹ'17O is used here to describe 17O-excess from a 

reference line with a slope of 0.5305 (Matsuhisa et al., 1978; Pack and Herwartz, 2014): 

ῳᴂὕ ᴂὕ‏  .ᴂὕ       (2)‏‗

Additionally, we measured ŭ18O values in situ in two quartz samples (VB8A and 

ODP504B 83-90R, 71-72) 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 detector at the University of Oregon. The ŭ18O 

was analyzed from 10-µm-diameter spots using a secondary ion mass spectrometer 

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

grain of UWQ-1 quartz (ŭ18O = 12.33 ă) was mounted with the samples and used as a 

bracketing standard. The precision during the analyses was Ñ 0.4 ă or better (2 standard 

errors). 

5.0 Results 

5.1 Mineralogical compositions 

As determined by XRD (Table S2 in Appendix B), the major minerals in altered 

komatiitic basalts are amphibole (50 - 70 wt. %), chlorite (10 - 30 wt. %), epidote (5 - 10 

wt. %) and albite (5 - 10 wt. %). Muscovite, phlogopite, titanite, prehnite, quartz and 

calcite commonly occur in minor amounts. The XRF major elemental data (Table S2) 

show that altered komatiitic basalts have high MgO and iron oxide (reported as 

Fe2O3
total), 8-16 and 14-17 wt. % respectively, with SiO2 content of 45-47 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 Ca-amphiboles (Fig. 3). The spinifex-textured komatiitic 
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basalts contain original undeformed pyroxenes, augite, and pigeonite, enveloped in 

actinolite-epidote rims (Fig. 3A). The groundmass of altered komatiitic basalts is altered 

to fine-grained aggregates of albite, chlorite, epidote, mica, quartz, and calcite. The 

interpillow fills exhibit zoning; the areas adjacent to the pillow are rich in epidote, quartz, 

and Ca-amphibole, while the center of interpillow fills contain abundant medium-grained 

calcite, epidote, diopside, irregularly zoned amphibole, and rare grossular (Fig. 3B). Fine-

grained veins that dissect and cement hyaloclastite fragments of altered komatiitic basalts 

are composed of fine-grained aggregates of albite, chlorite, muscovite, prehnite, and Ca-

amphibole (Fig. 3C).  

 

Table 1. Equilibrium temperatures, ŭ18O and ŭD of equilibrium fluids based on 

conventional oxygen and hydrogen isotope analyses. All isotopic values are reported in 

ă VSMOW 
Sample  ŭ18Oqz 

  

 

ŭ18Oep 

 

ŭDep ŭ18Occ ŭ13Ccc Computed 

temperature, °C 

 Computed fluid 

qz-ep1 

 

qz-cc2  ŭ18Ofluid
3 

 

ŭDfluid
4 

 

ŭDfluid
5 

 

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 

GO22 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  

83-90R, 

148-

149 

8.42 3.47 -8   380  3.62 32 12 

83-90R, 

71-72 

8.75 2.38 -21   303  1.82 13 -1 

Abbreviations: qz ï quartz, ep ïepidote, cc ï calcite 

ŭD values in epidotes with Ò 2 wt. % are highlighted in italic  

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 fractionation factor 1000lnŬepidote-seawater å -20 ă from (Graham and Sheppard, 1980) 

 

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 reported in Tables S3 through S6 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 Vetreny belt (Fig. 4). The notable 

difference between Fe3+ content 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 composition and thermodynamic 

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

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

 

Figure 3. Elemental distribution maps created for fine-grained hydrothermally altered 

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

texture with preserved skeletal relicts of pyroxene enveloped by amphibole. Side length 

of the image is 500 ɛm; B ï internal part of interpillow fill (sample VB16) composed of 

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

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

muscovite, chlorite, amphibole, and quartz. Side of each square is about 300 ɛm in panels 

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 solid-solution minerals from the hydrothermally 

altered komatiitic basalts. Blue circles represent minerals in massive altered komatiitic 

basalts, red circles ï in interpillow fills and veins. Filled circles represent data 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 xFe3+ 

denoting the Fe3+/(Al+Fe3+) ratio in formula units computed based on 13 anions. The 

average value xFe3+ = 0.16 was used for computing quartz-epidote fractionation factor 

(Matthews, 1994). Composition of pyroxenes expressed in end-members: Di ï diopside, 

He ï hedenbergite, En- enstatite, Fr ï ferrosilite, Wo ï wollastonite. Pyroxenes 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 high-T hydrothermally 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 (VB8A) and Golec (GO22) localities (Fig. 

1). The results of measurements are presented on Fig. 5. Most fluid inclusions are ~10 

ɛm in size, fluid-dominated with a vapor bubble occupying 10-20 vol. %. We were 

focused on inclusions with negative crystal shapes, without signs of stretching or 

alignment along cracks. Such inclusions likely experienced the least amount of 

modification after the formation of quartz. The fluid-dominated inclusions commonly 

contain a cubic-shaped daughter mineral, most likely halite. Other unidentified daughter 

minerals are clear and opaque, of cubic and rectangular form, but occur much more rarely 

than halite crystals. The fluid-dominated inclusions containing halite homogenize to fluid 

only, through a series of transitions: fluid + bubble + crystal -> fluid + bubble (average 

temperature 320 °C) -> fluid (at ~400°C). Vapor-dominated inclusions are also found 

within the same samples. They contain 70-90 % vapor and homogenize to vapor. The 

average homogenization temperatures for both types of inclusions 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 temperatures is 228 ï 537 °C, however, some of the 

high-temperature measurements result from difficulty in seeing complete homogenization 

in vapor-dominated inclusions though vapor + liquid -> vapor.  

The presence of multiple daughter minerals in fluid-dominated 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 of other daughter 

minerals indicates that the salinity is defined not only by NaCl but by other dissolved 

salts, consistent with the melting temperatures below the NaCl-H2O eutectic point (ī21.2 

°C). Measuring salinity in vapor-dominated inclusions is difficult due to limitations of the 

optics and those measurements are not presented here. However, in several fluid 

inclusions the bubble ñjerksò when heated to about 0 ÁC suggesting melting of last ice 

crystal at that temperature, which would indicate low salinity of the inclusions. 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 near-vent fluids (Foustoukos and Seyfried, 2007 and 

references therein) or in fluid inclusions hosted in hydrothermal minerals from oceanic 

crust and ophiolites (Nehlig, 1991). 

 

Figure 5. Histograms showing the results of fluid inclusion microthermometry. 

Homogenization (Th, °C) and melting temperatures (Tm, °C) were measured in samples 

GO22 and VB8A collected at Golec and Myandukha localities, respectively. Examples of 

vapor-dominated inclusions and fluid-dominated 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 good agreement with the temperatures derived 

from quartz-epidote 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 from phase separation of seawater. 

 

 5.3 Conventional ŭ18O, ŭD and ŭ13C analysis 

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 Table S7. The ŭ18O in whole rock samples of 

altered komatiitic basalts containing abundant amphiboles, chlorites and epidotes ranges 

between 1.03 and 3.54 ă and the ŭD ranges between ī210 and ī69 ă, containing 2-5 

wt. % H2O. The ŭ
18O values of altered gabbros from the Ruiga intrusion vary between 

1.63 ă and 3.68 ă, with ŭD values between ī187 and ī161 ă and H2O contents of 2.0-

2.5 wt. %. Interpillow fills and fine-grained veins analyzed as whole rocks have ŭ18O 

varying between 1.81 and 8.67 ă and ŭD varying between ī192 and ī96 ă. The veins 

and interpillow fills are much heavier compared to altered komatiitic basalts due to 

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

values ŭ18Oquartz = 6.46 Ñ 1.38 ă and ŭ
18Oepidote = 1.30 Ñ 1.84 ă (mean Ñ se). Pure clear 

quartz from quartz veins ranges in ŭ18O from 4.40 to 9.27 ă with samples from the 

Golec locality having slightly lower ŭ18O values ranging from 4.40 to 6.17 ă, while 

quartz from the Myandukha locality ranges in ŭ18O from 5.66 to 9.27 ă (Fig. 6A). The 

ŭ18O of epidotes from quartz veins and interpillow fills range between ī0.97 and 3.08 ă, 

while the ŭD in most epidotes range between ī56 ă and ī8 ă. One epidote from the 

Golec locality yielded a low ŭD value of ī119 ă, which we attribute to poor 

preservation of original isotopic signature (see Discussion below). Epidotes from the 

Golec locality range in ŭ18O from ī0.97 to ī0.06 ă and two ŭD measurements yield 

values ī56 and ī23 ă. Epidotes from the Myandukha locality range in ŭ18O and ŭD 

between ī0.35 and 3.11 ă and ī51 and ī8 ă respectively. Analyzed epidotes have 1.7-

2.1 wt. % H2O, which is in broad agreement with their stoichiometry. Water contents of 

analyzed samples plotted against other isotopic parameters, and ŭD plotted against ȹǋ17O 

values are shown on Figure 7. We used H2O content to discern pure epidote separates 

with stoichiometric amounts of water (1.7-2.0 wt. %) that were used to compute ŭD of 

the equilibrium fluids (Fig. 6B). We show fields of ŭ18O and ŭD values of epidotes from 

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 

interpillow fills yielded ŭ18O between 4.1 and 7.4 ă VSMOW and ŭ13C values between 

of ī5.36 and 0.07 ă VPDB. The ŭ13C values of calcite are consistent with carbon being 

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

sulfur isotopes yielding ŭ34S = 0.2 ăVCDT, which indicates that sulfur could have been 

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 ï Histograms showing the distribution of ŭ18O values in common type of samples. The 

lowest ŭ18O values are interpreted to represent equilibrium with the least modified early 

Paleoproterozoic seawater with the ŭ18O value of ī1.7 ă. B ï ŭ18O and ŭD values plotted 

for hydrous samples. The water content in epidotes is shown; epidotes with Ò 2.0 wt.% 

H2O are considered 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) respectively.  The average equilibrium fluid (blue triangle) is very close to 

modern seafloor hydrothermal fluids (ŭ18O = +1 ă and ŭD = 0 ă). C ï Oxygen and 

hydrogen isotopic composition of hydrothermally altered rocks from the modern seafloor 

(Kawahata et al., 1987; Kempton et al., 1991) and epidotes from modern seafloor and 

ophiolites (Heaton and Sheppard, 1977; Stakes and OôNeil, 1982; Harper et al., 1988). 

The two epidotes from Hole 504B analyzed here are shown with open squares. Secondary 

minerals in equilibrium 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 

rocks is comparable to scatter of ŭ18O values in hydrothermally altered rocks from the 

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

with seawater. Very large vertical scatter (down to ŭD = ī210 ă; panel B) is best 

explained by 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. 

Fractionation effect of secondary H2O 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 

of hydrothermal alteration and ŭ18O, and ŭD of the equilibrium fluid. Assuming isotopic 

equilibrium between measured minerals A and B, the difference ŭ18OA ï ŭ18OB å 

1000lnŬA-B is temperature-dependent. To derive equilibrium temperatures we applied the 

oxygen isotope calibration from Matthews (1994) for quartz-epidote and from Matthews 

et al. (1983) for quartz-calcite. We used the average composition of epidote with 

Fe3+/(Fe3++Al) = 0.16 (formula units; see Fig. 4A) for quartz-epidote fractionation, which 

is dependent on pistasite Ca3Fe2
3+Si3O12(OH) content in epidote (Matthews et al., 1994). 

Based on 8 individual quartz-epidote measurements from samples collected at 

Myandukha and Golec 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. Quartz-calcite fractionation in samples 

(VB8A and VB14C) yielded temperatures of 375 and 286 °C comparable to quartz-

epidote equilibrium temperatures from the same samples. In one sample (#1321; Table 

1), quartz-calcite fractionation yields temperature of 79 °C, which we consider 

unrealistically low and possibly related to alteration and the small (< 0.5 mm) grain size 

of calcite in the sample compared to samples VB8A and VB14C. Using a different 

quartz-calcite calibration (Sharp and Kirschner, 1994), the same samples yields elevated 

temperatures ranging between 582 °C and 266 °C. We prefer to rely on quartz-epidote 

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, quartz-epidote calibration (Matthews, 1994) yields systematic results 

consistent with temperatures and ŭ18O of fluids measured in modern hydrothermal 

systems (see Pope et al., 2014). The close match of homogenization temperatures 

measured in fluid inclusions and temperatures computed from quartz-epidote equilibrium 

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

 

 

 

 

 

 

Figure 7 (next page). Effects of secondary hydration on the ŭD, ŭ18O, and ȹ'17O values of 

hydrothermally altered rocks from the Vetreny belt. A ï ŭD values and water content in 

analyzed samples. Secondary hydration is manifested by large scatter of ŭD and negative 

correlation between ŭD and H2O wt.%. The reconstructed ŭD value of pure chlorite that 

exchanged ŭD with 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 ï The ŭ18O plotted against H2O wt. % shows no significant trend in samples 

with water content above 1 wt. %. The average ŭ18O value of altered komatiitic basalts is 

shown with the blue dashed line. The ŭ18O values of the rocks are controlled by 

proportion of major minerals in the sample. C - The ȹ'17O plotted against the ŭD of 

altered komatiitic basalts and epidotes. Despite the drastic change in ŭD due to secondary 

H2O exchange, altered komatiitic basalts still retain their original ȹ'17O value. Epidotes 

that are much less susceptible to alteration of hydrogen isotopes and plot near the 

composition of modern seawater. 
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Next, we used quartz-water and epidote-water calibrations (Zheng, 1993; Sharp et 

al., 2016; Graham and Sheppard, 1980; Chacko et al., 1999) to compute the ŭ18O and ŭD 

of the equilibrium fluid based on the temperatures returned from ŭ18Oquartz ï ŭ
18Oepidote 

measured in coexisting mineral pairs, assuming isotope equilibrium. The individually 

computed equilibrium temperatures for each sample, and ŭ18O and ŭD values of 

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

equilibrium ŭ18Ofluid values vary between ī1.4 and +3.2 ă. The computed ŭDfluid range 
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between ï80 ă and +27 ă based on the calibration from Chacko at el. (1999) and 

between ï99 and +12 ă when the calibration from Graham and Sheppard (1980) is 

applied. The ŭD fractionation between epidote and seawater at 330-350 ÁC is about ī20 

ă (Graham and Sheppard, 1980), and might suit this study better since it accounts for the 

salinity of equilibrium fluid. The same procedure was applied to the 2 samples from Hole 

504B (Table 1), with the computed equilibrium temperatures, ŭ18Ofluid and ŭDfluid being 

very similar to those computed for the Vetreny belt. The uncertainties for equilibrium 

temperatures and ŭ18Ofluid are Ñ 15 ÁC and Ñ 0.7 ă, respectively as defined by analytical 

uncertainties, uncertainties in quartz-water fractionation (Sharp et al., 2016) and the Fe3+ 

content range (0.16±0.05; Fig. 4) in the epidote. The estimated uncertainty of ŭDfluid is ± 

11 ă defined by the uncertainty in fractionation factor (Chacko et al., 1999), equilibrium 

temperature estimates and our ŭD measurements. All error propagations were performed 

using Monte Carlo simulations. 

5.4 Triple oxygen isotope compositions 

The ŭǋ18O and ȹǋ17O values 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, Leg 70 that experienced 

a modest extent of submarine weathering or low-temperature alteration with values ŭ'18O 

= 6.323 ă and ȹ'17O = ī0.063 ă which is very similar to previously published 

compositions of fresh and weathered MORBs (Pack and Herwartz, 2014; Sengupta and 

Pack, 2018).  

We used linear regression analysis of coexisting ŭ'18Oepidote and ŭ'18Oquartz to derive 

the average value of 1000lnŬquartz-epidote and to calculate ŭǋ
18O and ȹ'17O of equilibrium 

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 

1000lnŬquartz-epidote (Fig. 8). This was done to address the small variations in the 

1000lnŬquartz-epidote given 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 measured ŭǋ18O and ȹǋ17O values are displayed in Fig. 9A along with the computed 

equilibrium fluids at 333 °C (Fig. 9B) based on previously published quartz-water triple 

oxygen isotope fractionation (Sharp et al., 2016; Wostbrock et al., 2018). The computed 
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ŭ'18Ofluid and ȹ'17Ofluid values range between ī0.82 and 4.07 ă and ī0.110 and ī0.034 ă 

respectively (Fig. 9B). The average uncertainties of ŭǋ18Ofluid and ȹ'17Ofluid were estimated 

at Ñ 1.1 and 0.011 ă, respectively by propagating the following uncertainties through the 

calibration equation (Wostbrock et al., 2018): analytical uncertainty, uncertainty of the 

temperature estimate (±30 °C) and uncertainty given in the fractionation factors.  

 

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

and minerals from the Vetreny belt and ODP Hole 504B. all values are reported in ă 

VSMOW. 
Sample material ŭ17O SE ŭ18O  SE ŭ'17O, ŭ'18O ȹ'17O SE 

ODP Hole 504B 

70-48R 

20-22  

altered 

basalt 3.297 0.010 6.343 0.003 3.292 6.323 -0.063 0.010 

83-80R, 

106-108  quartz 4.986 0.011 9.553 0.002 4.974 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, 

71-72  

altered 

basalt 1.529 0.011 3.079 0.004 1.528 3.074 -0.102 0.011 

83-90R, 

148-149 epidote 1.782 0.013 3.465 0.003 1.781 3.459 -0.055 0.013 

83-90R, 

148-149  quartz 4.478 0.008 8.606 0.004 4.468 8.569 -0.077 0.009 

83-90R, 

148-149 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 4.783 -0.050 0.011 

GO-25 

altered 

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 4.839 -0.061 0.008 

VB-14C quartz 2.387 0.010 4.629 0.003 2.384 4.619 -0.066 0.010 

VB-24 epidote 1.340 0.010 2.572 0.005 1.339 2.569 -0.024 0.010 

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

VB-25 

altered 

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 2.985 -0.051 0.011 

VB8A epidote 1.539 0.010 2.986 0.004 1.537 2.982 -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 

VB9 

altered 

basalt 1.445 0.009 2.884 0.003 1.444 2.879 -0.083 0.009 
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Figure 8. The ŭǋ18O values of coexisting quartz-epidote pairs are plotted to estimate the 

average equilibrium fractionation expressed through the regression line ŭǋ18Oquartz = 

1000lnŬquartz-epidote + ŭǋ
18Oepidote. The quartz-epidote equilibria at 300 and 400 °C are 

shown with black parallel lines (Matthews, 1994). The regression line defines the average 

value of 1000lnŬquartz-epidote = 5.78 ± 0.19 (1 standard error). The data points connected 

with solid black lines represent measured duplicates. The inset shows that the estimated 

value of 1000lnŬquartz-epidote corresponds to the equilibrium temperature of 333 °C using 

calibration from Matthews (1994). The propagated uncertainty is ± 30 °C (3 standard 

errors). The average xFe3+ 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 images and ŭ18O values measured by SIMS 

In cathodoluminescence (CL) images, the sample of vein quartz from the Vetreny 

belt (VB8A) is dark and homogenous in ŭ18O. The SIMS measurements collected from 

spots distributed over 100 Õm apart yield average value ŭ18O = 8.2 Ñ 0.1 ă (n = 20). The 

quartz crystal from Hole 504B (83-90R, 71-72) exhibits zoning in CL images with the 

evidence for dissolution, re-precipitation, and healing of cracks (see Fig. 9D). Majority of 

the crystal is bright in CL images, while healed cracks are dark. The overall range of ŭ18O 

values measured by SIMS in this sample is between 6.6 and 15.9 ă. The CL-bright parts 

have ŭ18O values of 8.0 Ñ 0.8 ă (n = 32). The CL-dark healed cracks are about 8 ă 

heavier than that, with the average ŭ18O value of 15.4 Ñ 0.5 ă (n = 7). 
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Figure 9 (next page). A - Triple oxygen isotopic 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 water line constructed after Luz and 

Barkan (2010). Seawater-derived fluids should plot between VSMOW and the mantle. 

There is no significant difference between most samples from the 2.43-2.41 Ga Vetreny 

belt and modern oceanic crust implying that they formed in equilibrium with seawater-

derived fluids that had ȹ'17O å 0 ă. Due to small fractionation, epidotes must be 

especially reflective of the ȹ'17O values of equilibrium fluids. Quartz-VSMOW 

fractionation curve (solid black line; Sharp et al., 2016) shows that ȹ'17O 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 errors. B ï Estimated ŭ'18O and ȹ'17O of equilibrium fluids from the 

Vetreny belt and Hole 504B based on quartz-water fractionation at 333 ± 30 °C. Based on 

the lowest ŭǋ18O values of epidotes and computed equilibrium fluids (blue cloud), we 

suggest that pristine 2.43-2.41 Ga seawater had ŭǋ18O of ī1.7 ă and ȹ'17O of ī0.001 ă 

(blue diamond) which is similar to the values of seawater in the ice-free world. 

Measurements of modern seawater (Luz and Barkan, 2010) are shown with the open 

diamond and error bars (2ů). Black solid lines and tick marks represent hydrothermal 

fluids at different water-rock ratios as shown in the right corner. C ï The low ȹ'17O 

values measured in quartz samples can be partially explained by crystal growth at 

different temperatures without compete re-equilibration with the fluid. A mixture of low-

T (25-150 °C) and high-T quartz (400 °C) forms an array of compositions that is concave 

up in these coordinates. A composition with 10 % of low-T quartz is shown. The ranges 

of ŭ18O values measured by SIMS are shown with pink vertical bands. The ŭ18O values 

measured in the healed cracks (CL-dark) from the Hole 504B quartz crystal are consistent 

with the low temperature of formation (~150 °C) in equilibrium with seawater-derived 

fluids. D ï The CL-image of the 1 mm-long quartz crystal from the Hole 504B (sample 

83-90R 71-72; see Table 2) which shows that dissolution, re-precipitation, and healing of 

cracks occurred at different temperatures as manifested by different. The ŭ18O values 

measured by SIMS in CL-bright and CL-dark (healed cracks) parts of the crystal are 

shown. 
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6.0 Discussion  

6.1 ŭ18O values of hydrothermal fluids 

Good agreement between homogenization temperatures and quartz-epidote 

equilibrium temperature estimates (Fig. 4; Table 1), as well as the internal agreement of 

quartz-epidote estimates (Fig. 9), suggest these temperatures can be reliably used to 

calculate equilibrium fluids. Most of the computed equilibrium fluids from the Vetreny 

belt have ŭ18O of 1 Ñ 2 ă, which is not significantly different from the ŭ18O value 

modern-day seawater-derived hydrothermal vent fluids (Shanks, 2001) that are slightly 

shifted due to the isotopic exchange during high temperature interaction with rocks (+0.5 

to +2 ă, Shanks, 2001). Thus, the lower ŭ18O values in the range of equilibrium fluids 

are the closest to seawater due to minimal effect of interaction with rocks. We suggest 

that the Vetreny belt rocks were altered at water-rock ratios similar or higher than 

modern-day submarine basalts, 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 (10-13-10-11 m2 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 oxygen isotope systems at variable water-

rock ratios as calculated using the static mass-balance approach (Taylor, 1977). Using 

these calculations, we estimate that in modern hydrothermal systems the fluids 

experienced water-rock ratios between about 0.5 and 5. At the water-rock ratio of 5, the 

ŭ18O of fluid is shifted only 0.3 ă, which would be very close to the starting composition 

of seawater. The lowest computed ŭ18O value at the Vetreny belt is ī1.4 Ñ 0.7 ă, thus we 

can estimate the ŭ18O value of 2.43-2.41 Ga seawater to be around ī1.7 Ñ 1 ă, similar to 

seawater of the ice-free world (Shackleton and Kenneth, 1975).  

In agreement with the computed equilibrium fluids, the range of ŭ18O values and 

mineral assemblages of altered komatiitic basalts and gabbros from the 2.43-2.41 Ga 

Vetreny belt are strikingly similar to the low ŭ18O submarine basaltic rocks that were 

hydrothermally altered at temperature above 250°C (Fig. 6B). We attribute abundant low 

ŭ18O values in the komatiitic basalts to pervasively high temperatures (300-400 °C) of 

alteration in the intracontinental rift. A steep geothermal gradient due to storage and 

eruption of hot (1400°C) high-magnesium melts (~150 °C hotter than modern MORBs) 

within the slow spreading continental rift would facilitate the high temperature of 

hydrothermal alteration. Presence of numerous subvolcanic mafic intrusions within the 

belt (see Fig. 1) support this suggestion.  

6.2 The ȹ17O values of hydrothermally altered rocks 

Massïdependent fractionation of triple oxygen isotopes between minerals and 

water is controlled by the temperature of equilibrium and the identity of minerals which 

determines respective fractionation factors Ŭ: 

ÌÎ ‌
Ⱦ

ʃÌÎ ‌
Ⱦ

      (3), 

where 17/16Ŭ and 18/16Ŭ are ratios of 17O/16O or 18O/16O in a mineral to that in water. The 

value of ɗ defines the slope of equilibrium fractionation in the ŭǋ18O ï ŭǋ17O space, 
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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 fractionation is such that minerals are higher in ŭ18O and lower in ȹ'17O 

compared to water (e.g. Zheng, 1993; Sharp et al., 2016). At infinitely high temperatures 

the Ŭ values approach 1, and the ɗ approaches 0.5305 (Matsuhisa et al., 1978). As a first 

order observation, epidotes from Hole 504B and the Vetreny belt, which formed within a 

similar range of temperatures, overlap in their ȹ'17O values, suggesting the similarity of 

ȹ'17O of modern-day and the early Paleoproterozoic seawater-derived fluids (Fig. 9A). In 

this study we emphasize that especially useful comparison can be drawn using epidotes, 

because the Ŭepidote-water factor is very close to 1 at 300-390 °C (1000ln18/16Ŭ å 0 ă; 

Zheng, 1993). At these temperatures, the difference between ȹ'17O values of fluids and 

minerals approach zero (Hayles et al., 2018). Thus, the oxygen isotope values of epidotes 

can serve as a direct proxy for that of the fluid. This is reflected in general agreement 

between ŭǋ18O values of computed fluids and measured epidotes (see Fig. 10). Epidotes 

both from Hole 504B and the Vetreny belt plot between modern seawater and the mantle 

(Fig. 9), which suggests that they likely formed in equilibrium with seawater-derived 

fluids with initial ȹ'17O value close to 0 ă. Hydrothermal modification of seawater 

produces positive shift in ŭ18O and negative shift in ȹ'17O values compared to pristine 

seawater. Two epidotes from the Vetreny belt plot in the region with ŭ18O slightly lower 

than VSMOW (Fig. 9A) could be reflective of smaller degree of modification of original 

seawater with ŭ'18O = ī1.7 ă and ȹ'17O of about ī0.001 ă. The altered komatiitic 

basalts that are composed amphibole, chlorite, quartz, epidote, and other minerals, have 

ȹ'17O lower than that of epidotes perhaps due to larger fractionation between the 

constituent minerals (especially quartz) and water compared to pure epidote.  

Triple oxygen isotope fractionation between water and quartz is much larger 

compared to epidotes and it has been recently calibrated: 18/16Ŭquartz-water =1.006-1.007 and 

ɗ = 0.526-0.527 at 300-390 °C (see Eq. 1; Cao and Liu, 2011; Sharp et al., 2016; 

Wostbrock et al., 2018). Thus, quartz in equilibrium with pristine seawater must have 

ȹ'17O between ī0.030 and ī0.020 ă relative to the reference line with slope 0.5305. 

However, the majority of ȹ'17O values of analyzed quartz from 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). We suggest two possibilities that can explain this observation: i) the 

isotopic shift in equilibrium fluids was caused by phase separation in addition to water-

rock interaction; ii) analyzed samples represents a mixture of high- and low-temperature 

quartz; iii) 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 in ŭǋ18O (A), ȹ'17O (B) and ŭD (C) in 

hydrothermal fluids in a closed system plotted at variable mass water-rock ratios with 

initial composition of fluids as shown with curves: modern seawater, 2.43-2.41 Ga 

seawater and meteoric water with ŭ18O = ī15 ă. The grey shaded region around the solid 

black line represents glacial-interglacial variation for each isotopic parameter. The 

composition of the 2.43-2.41 Ga seawater is approximated by the ice-free world seawater 

(Shackleton and Kennet, 1975; Lécuyer et al., 1998; Sengupta and Pack, 2018). The 

isotopic shift in the fluid is computed for each isotope using mass balance approach from 

Taylor (1977): (xwatercwater+ (1-xwater)crock)ŭfluid = xwatercwaterŭwater + (1-xwater)crock(ŭrock ï 

1000lnŬrock-water), where xwater is the mass fraction of initial water, c is concentration of 

either hydrogen or oxygen, ŭ is the isotopic composition of shifted fluid, initial water and 

rock (MORB). The water/rock ratio (W/R) is expressed through xwater/(1-xwater). The fluid 

in equilibrium with MORB is computed based on the values 1000lnD/HŬrock-water, 
1000ln18/16Ŭrock-water and ɗrock-water of ī30 ă, +2 ă and 0.529, respectively. The ŭ18O and 

ŭD values in modern hydrothermal fluids are shown with pink dashed lines (Shanks et al., 

2001), indicating that water-rock ratios at submarine hydrothermal systems vary between 

0.5 and 5 (green shaded area at the bottom plot). Based on high permeability of the studied 

rocks, we suggest that the Vetreny belt might represent hydrothermal system that operated 

at comparable or higher water-rock ratios. The lowest ŭǋ18O values of equilibrium fluids 

and epidotes likely represent seawater values with minimal isotopic shift close to the ice-

free world ŭ18O value of around ī1.5 ă (Shackleton and Kennet, 1975). The ȹ'17O values 

of equilibrium fluids computed from quartz-water calibration (Sharp et al., 2016) are too 

low to be explained by shifted fluids as discussed in Discussion 6.2. Due to small 

fractionation, the ȹ'17O of epidotes may be used as a direct proxy for the ȹ'17O in 

equilibrium fluids. The highest ȹ'17O value of epidote should be the closest to pristine 

seawater, thus, indicating that the 2.43-2.41 Ga seawater had ȹ'17O very close to that of 

modern seawater. Similarly, the highest ŭD values of computed equilibrium fluids are very 

similar to the ŭD values of modern seawater.  
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Even though high-temperature boiling and phase separation have not been studied 

for triple oxygen isotopes, we suggest that together with water-rock interaction these 

process might have contributed to the negative ȹ'17O shift in hydrothermal fluids due to 

the slope of vapor-brine 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 and vapor (Fig. 5) recording phase separation 

of the hydrothermal fluid. The maximum expected equilibrium fractionation of ŭ18O 

between fluid and vapor phase is ~2 ă (Shmulovich et al., 1999). The expected ȹ'17O 

shift could be as low as ī0.03 ă, if separation of brine from vapor induces fractionation 

with very shallow slope (~0.516) in the ŭǋ17O -ŭǋ18O space (see Fig. 9B).  

Alternatively, systematically low ȹ'17O values could be attained by quartz that 

grew at different temperatures without complete re-equilibration with the fluid. Unlike 

epidote (Bird and Spieler, 2004), quartz is stable over a wide range of temperature and 

can grow from high- and low-temperature (below 100 °C; e.g., Wostbrock et al., 2018) 

hydrothermal fluids attaining very low ȹ'17O values, reaching ī0.25 ă in equilibrium 
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with seawater at 25 °C (Fig. 9C). Mixing high-temperature and low-temperature quartz 

creates an array that is concave up in ŭ'18O ï ȹ'17O space, thus yielding ȹ'17O values 

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 dissolution and re-precipitation (Fig. 

9D).  Since CL-brightness 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 different temperatures as manifested by the CL-bright 

crystal with CL-dark healed cracks and outermost zones (Fig. 9D). Assuming that the 

quartz grew from the same shifted seawater, a combination of quartz that formed at 350-

400 °C with about 10 - 40 % of low-temperature quartz (25 - 150 °C) would account for 

most of the low ȹ'17O values. Quartz with minimal amount of low-temperature 

overgrowth would then have the lowest ŭ18O and highest ȹ'17O values yielding the most 

accurate equilibrium temperatures and fluids. Similar results could be obtained with 

respect to the low ȹ'17O values by changing the composition of equilibrium fluids or/and 

including multiple sets of high-temperature and low-temperature overgrowths.  

In order to gain a better insight, we conducted a preliminary in situ analysis by 

secondary-ion mass spectrometry (SIMS) of quartz from the Hole 504B and Vetreny belt 

which showed that most crystals have ŭ18O = 7-9 ă, agreeing well with our laser 

fluorination measurements. The CL-dark healed cracks in the quartz crystal from Hole 

504B (Fig. 9D) have ŭ18O of 15-16 ă indicating lower equilibrium temperature (~150 

°C) supporting our suggestion that at least some of the low ȹ'17O values in quartz can be 

a result of mixing between high- and low-temperature quartz. 

Most importantly, the similarity between the values of ancient and recent 

submarine hydrothermally altered rocks, especially in epidotes, is a convincing evidence 

that the 2.43-2.31 Ga seawater had ȹ'17O close to that of modern seawater. The highest 

ȹ'17O and the lowest ŭ'18O values of epidotes are likely the most reflective of alteration 

by seawater at high-water ratios (Fig. 10). We suggest that direct measurements of ȹ'17O 

values in hydrothermal fluids could be useful, providing insights in the subsurface 

processes at hydrothermal systems, and validating the application of quartz-water 

calibration. 
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6.3 Recognizing primary ŭD values 

Hydrogen isotopes in hydrous minerals are much more susceptible to post-

depositional alteration than oxygen isotopes (see Kyser and Kerrich, 1991). Thus, not 

surprisingly, the ŭD values in bulk altered komatiitic basalts and gabbros display large 

scatter (between ī210 and ī50 ă) compared to the restricted range of ŭ18O values. 

Meanwhile, most of the coarse crystals of epidotes have much smaller range of ŭD values 

(between ī56 and ī8 ă; Fig. 6B). We attribute this scatter and occurrence of very low 

ŭD values in bulk samples to secondary exchange of hydrogen in chlorites and other 

water-rich phyllosilicates at low temperature which causes large negative shifts in ŭD 

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

H2O and thus, contributes to the ŭD value of a whole rock in much larger proportion 

compared to other less hydrous minerals. This is especially noticeable by the negative 

correlation between ŭD and H2O in whole rock samples (Fig. 7).  The small grain size 

(<10 ɛm) and large surface area of chlorite in bulk samples (see Fig. 3) dramatically 

enhances secondary hydrogen isotope exchange at low temperatures, which could have 

occurred at any point between 2.43-2.41 Ga and now (Fig. 7). 

We attempted to reconstruct the ŭD of pure chlorite assuming it is responsible for 

the low ŭD values in our samples. These rocks contain at least 8 wt. % chlorite (see Fig. 3 

and XRD data; Table S2) accounting for ~1 wt. % H2O in the whole rock. Since there is 

about ī100 ă fractionation at low temperature (< 100 ÁC) between water and 

phyllosilicates like serpentine, kaolinite, and chlorite (Taylor and Wenner, 1974; Kyser 

and Kerrich, 1991), we hypothesize that hydrating water had to have ŭD value between 

ī80 and ī110 ă to produce values between ī180 and ī210 ă in the whole rock (Fig. 7). 

This is in good agreement with most of the low ŭD values ranging between 1 and 4 wt. % 

water and chlorite content between 10 and 25 wt. %. While modern day local meteoric 

water with the range of values between ï70 and ï100 ă (Bowen, 2010) can explain most 

of the low ŭD values, we should mention the possibility of hydrogen isotope exchange 

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 with 1.7-2.0 wt. % 

water and consider them as primary recorders of hydrogen isotopic composition of 

seawater. Any alteration or addition of chlorite can be recognized by elevated H2O 

content. For example, one epidote yields ŭD of ï 119 ă and contains a slightly elevated 

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 Ò2.0 wt. % water are constrained even a narrow range of ŭD 

values, between ī32 and ī8 ă (see Fig. 7A). Alteration of the hydrogen isotope signal in 

hydrothermally altered rocks minimally affects the ŭ18O and ȹ'17O values, which makes 

triple oxygen isotope analysis a powerful tool for back tracking the ŭ18O of original water 

involved in hydrothermal alteration (Fig. 7C).  

6.4 The ŭD values of hydrothermally altered rocks and fluids 

Reported values of ŭD in epidotes from modern ocean floor (e.g. Stakes and 

OôNeil, 1982), ophiolites (Heaton and Sheppard, 1977; Harper et al., 1988; Fonneland-

Jorgensen et al., 2005), as well as epidotes from Hole 504B measured here (Table 1) have 

very similar ranges of values, between ī40 and +5 ă. These overlap with the range of 

ŭD measured in well-preserved epidotes from the Vetreny belt, between ī51 and ī8 ă 

(Fig. 6C). The computed ŭD values of hydrothermal fluids range between ī36 and +26 

ă which is not distinguishable from the modern seawater with ŭD = 0 Ñ 20 ă, and 

overlaps with computed ŭD values for the Hole 504B samples (see Table 1). The choice 

of fractionation factor (Graham and Sheppard, 1980; Chacko et al., 1999) creates a 

discrepancy of about ~10-20 ă (see Fig. 6); we favor the fractionation factor of Graham 

and Sheppard (1980) because it accounts for the salinity of equilibrium fluids. The range 

of computed ŭD values is then between ī36 and +12 ă. The four epidotes with water 

content Ò 2 wt. % have the highest ŭD values (see Fig. 6), constraining the equilibrium 

fluids to the range of ŭD values between ī12 and +12 ă (Table 1). These values should 

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 

seawater-derived hydrothermal fluid took place during the eruption of the komatiitic 

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

isotopes between vapor and brine at high-temperatures (above 200 ÁC) is only a few ă 
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(Horita and Wesolowski, 1994; Shmulovich et al., 1999; Shanks, 2001). The range of 

computed ŭD values limits significant contribution of meteoric water involved in the 

alteration of Vetreny belt rocks, because meteoric water has distinctly low ŭD (as well as 

ŭ18O) values (see Fig. 6B). We thus conclude that the ŭD value of the early 

Paleoproterozoic seawater was very close to that that of modern seawater within the 

range 0 Ñ 20 ă. 

6.5 The ŭ18O, ȹ17O and ŭD of seawater through time  

Our multi-isotope study indicates that ŭ18O, ȹ'17O and ŭD values of the early 

Paleoproterozoic seawater were close to zero. The results are corroborated by previous 

ŭ18O 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, Canada (Holmden 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 indicate that seawater had 

the ŭ18O value of 0 Ñ 2 ă.  

From mass-balance considerations, the oxygen isotopic composition of seawater 

on the time scales of tens of million years is controlled by inputs from hydrothermal 

alteration at mid-ocean ridges and continental weathering, and to a lesser extent by 

submarine weathering (Holland, 1984; Muehlenbachs, 1998). Faster than modern 

spreading rates would not significantly affect the ŭ18O of seawater, while slower rates 

would lead to negative ŭ18O and positive ȹ'17O values (Holland, 1984; Sengupta and 

Pack, 2018). Similarly, an increase in input of 18O from continental weathering 

throughout geologic time, for example, due to growth of continental crust, its rapid 

emergence at the Archean-Proterozoic boundary (Taylor and McLennan, 1985; 

Bindeman et al., 2016; Bindeman et al., 2018), would cause negative shifts in the ŭ18O 

and positive shifts ȹ'17O of seawater (Muehlenbachs, 1998; Sengupta and Pack, 2018). 

Our results suggest that the constancy of ŭ18O and ȹ'17O of seawater implies that the 

Paleoproterozoic plate tectonics, particularly spreading at mid-ocean ridges and 

continental weathering, operated in a similar way as it does today. 
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Figure 11 (next page). A ï The secular trend of ŭ18O values in seawater as recorded by 

equilibrium fluids computed from submarine hydrothermally altered rocks (diamonds and 

vertical bars) and carbonates (grey circles). The ŭ18O values of equilibrium fluids are 

from ophiolites: Troodos (Heaton and Sheppard, 1977), Semail (Gregory and Taylor, 

1981), Josephine (Alexander et al., 1993), Erquy succession (Lécuyer et al., 1996), 

Solund-Stavfjord (Fonneland-Jorgensen et al., 2005), Betts Cove (Turchyn et al., 2013) 

and Bou Azzer (Hodel et al., 2018). The more recent seawater is recorded by dredged and 

drilled submarine hydrothermally altered rocks from modern seafloor (Alt et al., 1986; 

Alt et al., 1995; Stakes and OôNeil, 1982 and this study). The green bars indicate rough 

estimates of ŭ18O of seawater based on patterns of distribution of ŭ18O 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 with the Ongeluk volcanics (Gutzmer et al., 2001), represents one of 

the oldest records of preserved isotopic equilibrium with seawater. The lowest ŭ18O 

values of equilibrium fluids suggest that the value of seawater stayed between -1 and 0 ă 

for the most of the Earthôs history, while the carbonate record shows the secular increase 

in the ŭ18O value of seawater over the course of geologic time (Prokoph et al., 2008). B ï 

The secular trend of ŭD of seawater as recorded by epidotes, chlorites and antigorites 

formed in submarine hydrothermally altered rocks. The evolution of seawater ŭD values 

is after Pope et al., (2012) with curves for epidote, chlorite and antigorite going parallel to 

that with the offset based on the ŭD values in the recent submarine rocks. The Vetreny 

belt epidotes have the ŭD values very close to modern submarine epidotes, likely 

reflecting the ŭD value of ~0 ă in the 2.43-2.41 Ga. Since antigorites and chlorites are 

susceptible to secondary hydrogen isotope exchange at low temperatures (Kyser and 

Kerrich, 1991), epidotes represent the best available record of ŭD evolution of seawater. 

The compilation of antigorites is adopted from Pope et al. (2012) and references therein. 

Phanerozoic submarine chlorites and epidotes are from the same references as for the 

ŭ18O values. C ï Generalized evolution of atmospheric oxygen in equivalent of present 

atmospheric level (PAL), relative change in hydrogen escape rates and ŭ18O values of 

shales with supercontinent assemblies and episodes of global glaciations imposed (after 

Zanhle et al., 2013; Lyons et al., 2014; Bindeman et al., 2016).  
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These long-term trends may carry short-term (0.01-0.1 Ma) Milankovich-scale variations. 

The ŭ18O value of 0 Ñ 1 ă of seawater is recorded by Pleistocene marine carbonates 

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 ice stored on Earthôs surface during snowball Earth episodes would 

lead to 2-3 ă higher in ŭ18O oceans; this effect would be counter-balanced by the 

opposite isotopic effect of sea-ice formation, together not contributing to a significant 

shift in the ŭ18O of seawater (see discussion in Bindeman and Lee, 2018). Our estimated 

ŭ18O and ȹ'17O values of 2.43-2.41 Ga seawater are close to the estimated seawater 

composition during warm climate of the ice-free Cenozoic (Shackleton and Kennett, 

1975; Sengupta and Pack, 2018). The evidence from the Vetreny belt validates the 

assumptions made previously that low ŭ18O meteoric water (as low as -35 ă) was 

formed by evaporation of seawater with ŭ18O å 0 ă. The record of such low ŭ18O 

meteoric water is provided by the coeval ultralow ŭ18O Belomorian belt rocks (Bindeman 

et al., 2014; Herwartz et al., 2016; Zakharov et al., 2017; Bindeman and Lee, 2018). 

Our measurements of well-preserved epidotes from the 2.43-2.41 Ga Vetreny belt 

provide the oldest robust evidence for ŭD å 0 ă in seawater (see Fig. 11B). Previous 

estimates of the hydrogen isotope composition of Precambrian seawater were based on 

samples containing easily exchangeable water. Such studies used bulk rock ŭD values in 

the 2.0 Ga chlorite-bearing basalts constraining the ŭD value of seawater at 0 ă (L®cuyer 

et al., 1996), and serpentines from the 3.8 Ga Isua belt suggesting that the early Archean 

seawater was about 25 ă lighter in ŭD (Pope et al., 2012). As discussed in Section 6.4, 

water-rich phyllosilicates such as chlorite and serpentine are poor recorders of original 

equilibrium fluids due to susceptibility to secondary isotope exchange with ambient water 

at low temperature. Our results suggest that the long-term evolution of the hydrogen 

isotopic composition of seawater is controlled primarily by hydrothermal alteration at 

mid-ocean ridges, subduction, and water outgassing at subduction zones. The variability 

in the rates of these processes might contribute about Ñ 20 ă to the ŭD of seawater 

(Lécuyer et al., 1998). Significant decrease of ocean volume and accompanied increase in 

the seawater ŭD due to net mantle regassing (Kurokawa et al., 2018) must have occurred 

by 2.43-2.41 Ga as indicated by our results. Additionally, in the Archean and early 
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Paleoproterozoic oxygen-poor atmosphere, the hydrosphere was likely 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, 

1H escape from the planet is greater than deuterium, causing the ŭD value of seawater 

become progressively higher with time (Lécuyer et al., 1998; Pope et al., 2012). Our 

results are most consistent with seawater having ŭD values of ~0 Ñ 20ă at 2.43-2.41 Ga, 

which suggests that most of the hydrogen loss occurred and the Earthôs by the time the 

Vetreny belt formed (Lécuyer et al., 1998; Zahnle et al., 2013;). The isotopic composition 

of paleo-atmospheric Xe trapped in the quartz veins studied here is also consistent with 

most of hydrogen escape occurring prior to 2.43 Ga (Avice et al., 2018).  

The sedimentary record, however, suggests different conclusions: ancient 

carbonates and cherts show a strong steady increase in ŭ18O corresponding to about 13 ă 

from 3.5 to 0 Ga (Fig. 11A). This observation implies a significantly lower ŭ18O value for 

seawater in the Precambrian ocean than the ŭ18O recorded by ancient hydrothermally 

altered rocks (see Jaffrés et al., 2007 for details). From a mass-balance perspective, these 

shifts are possible by adjusting sinks and sources of 18O in the ocean. Several models 

have been proposed to address possible long-term shifts in the sinks and sources of 18O 

over the geological time scale relating them to the cycling of water through subduction 

zones, mantle degassing, increasing ocean depth and development of pelagic 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 

the ŭ18O of seawater and could not be used to constrain the composition of ancient 

seawater. However, this would be inconsistent with results from elsewhere, for example, 

from low-ŭ18O hydrothermal systems charged with meteoric water (e.g. Taylor, 1977; 

Pope et al., 2014). The secular trend of ŭ18O in seawater could also be explained by much 

higher temperature of the Precambrian ocean (80-90 °C; 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 susceptibility of carbonates and cherts 

to recrystallization during diagenesis in open system, which would alter the ŭ18O (and 

ŭD; Hren et al., 2009) to lower values. Today the argument is strengthened by a growing 

body of clumped isotope studies that can resolve the effect of diagenetic recrystallization. 
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Well preserved carbonates suggest that the temperature of ocean did not experience 

significant variations and the ŭ18O of seawater stayed within Ñ 2ă at least in the early 

Phanerozoic (Eiler, 2011; Cummins et al., 2014) 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 with contemporaneous 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 with the ŭ18O value of the 2.43-2.41 Ga 

seawater being close to the ŭ18O of seawater in the pre-Pleistocene ice-free world. This 

result is supported by similar studies of Paleoproterozoic and Archean submarine 

hydrothermally altered rocks. 

3. The ȹ'17O values measured in quartz and epidotes from the Miocene (6-7 Ma) 

hydrothermally altered oceanic crust as sampled by ODP Hole 504B are very similar to 

those measured from the Vetreny belt indicating that the seawater had ȹ'17O value similar 

to modern. Due to small fractionation at 300-390 °C, epidotes are a good direct proxy for 

the ȹ'17O of equilibrium fluids. Quartz has ȹ'17O values lower than expected from 

equilibrium fractionation (Sharp et al., 2016; Hayles et al., 2018). This could be 

explained by presence of low-temperature overgrowths and healed cracks in quartz which 

produces mixed compositions with low ȹ'17O values (see Fig. 9C). 

4. The ŭD values of large and unaltered epidotes presented here provide one of 

the earliest evidences of seawater with ŭD of 0 Ñ 20 ă, similar to the modern-day value 

of seawater. This indicates that if a significant increase in the ŭD of seawater occurred 

due to hydrogen escape and net mantle regassing (Kurokawa et al., 2018), it must have 

happened by 2.43-2.41 Ga.  

5. Our study verifies the previously made assumptions about the plausibility of 

obtaining ultralow ŭ18O meteoric waters through hydrological cycle involving 

evaporation of the early Paleoproterozoic seawater with near-zero ŭ18O, ŭD and ȹ'17O 
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values (Bindeman et al., 2014; Herwartz et al., 2016; Zakharov et al., 2017; Bindeman 

and Lee, 2018). 

8.0 Bridge 

 Chapter III investigates products of submarine hydrothermal alteration of the 

2.43-2.41 Ga komatiitic basalts from the Vetreny belt, Russia using triple oxygen and 

hydrogen isotopes. The excellent preservation of the alteration textures, and the 

consistency between the microthermometry data and oxygen isotope thermometry 

estimates present a strong evidence for preservation of original isotope integrity by these 

rocks. Based on equilibrium isotope fractionation between quartz, epidote and water, the 

values of the early Paleoproterozoic seawater values are constrained to ŭ18O = ī1.7 ± 1.1 

ă, ȹ17O = ī0.001 ± 0.011 ă, and ŭD = 0 ± 20 ҉. These are similar to the values of 

seawater during the Cenozoic, emphasizing that the balance between circulation of water 

at mid-ocean ridges and weathering controls the isotope composition of seawater over the 

long (over 10 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, I present the 

results of combined triple oxygen and strontium isotope investigation of the Vetreny belt 

rocks. The purpose of the study presented in Chapter IV is twofold to assess my previous 

estimate of the oxygen isotope composition of the 2.43-2.41 Ga seawater and to explore 

the effect of low marine sulfate on the Sr-isotope budget of Precambrian submarine 

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 Ilya N. Bindeman, Ryoji 

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. Ilya N. Bindeman provided useful edits on the initial 

draft of this chapter. Mark H. Reed provided input on the interpretations of the results 

and helped with setting up the aqueous-mineral equilibrium calculations. David A. 

Butterfield contributed samples of the near-vent fluids and their geochemical data 

necessary for this study. 

 

1.0 Introduction  

Over geologic time scales exceeding 10 Ma, the composition of the Earthôs 

atmosphere and seawater change in response to evolving biota, changing landscapes, and 

global volcanic activity. In previous chapters, my investigations focused on the high 

temperature isotope exchange between hydrothermal fluids and sea floor rocks and the 

implications for seawater O- and 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 consequences for many biogeochemical element cycles in all of 

the Earthôs systems. Its effect is subtle for seawater-basalt interaction at high temperature, 

a process that ubiquitously occurs at the mid-ocean ridges in the modern oceans and is 

responsible for alteration of 2-3 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 comprehensive approach could be developed for understanding the intertwined 

effects of basalt-seawater reaction and varying concentrations of redox sensitive species. 

As a step towards exploring this link, we present the results of triple oxygen and 

strontium isotope investigation of a reaction between basalt and sulfate-poor seawater 

that took place in the early Paleoproterozoic. The purposes of this study are to assess the 
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previous estimate of seawater oxygen isotope value at 2.43-2.41 Ga (Zakharov and 

Bindeman, 2019) and to explore the effect of low seawater sulfate concentration on the 

composition of Precambrian submarine fluids and altered oceanic crust.  

Chemical composition of seawater is controlled by the inputs from continental 

weathering, hydrothermal circulation of seawater and precipitation of oversaturated 

minerals from the seawater column. The rise of atmospheric pO2 levels over geological 

time promoted an increase in oxidized marine species, particularly sulfate, which is 

intimately tied  to the increasing 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 redox-sensitive species, sulfur is 

abundantly present in oxidized form due to its high solubility and, thus, sulfate 

concentration could be used as an overall reflection of oxidation state of seawater solutes 

(Canfield, 1998). As the result of Earthôs atmosphere oxygenation, modern day seawater 

contains 28 mM/kg sulfate, ~8 % of total dissolved load (Berner and Berner, 1996). The 

sulfate in modern seawater precipitates in anhydrite at temperatures above 130 °C, 

disturbing seawater-derived Ca, S and Sr in the upper section of seafloor. During the 

Precambrian, seawater sulfate concentrations were 3-4 orders 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 anhydrite-free 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 anhydrite 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 zones. It is not completely 

understood how much anhydrite undergoes retrograde solubility at seafloor ambient 

temperatures away from mid-ocean ridges. However it is clear that anhydrite 

oversaturation exerts a significant effect on the seawater-basalt exchange budgets of Sr 

isotopes recorded by oceanic 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 seawater-derived Sr in 

hydrothermal fluids. Being a common trace element in anhydrite, Sr is almost completely 

removed from seawater in the incipient stages of hydrothermal circulation at mid-ocean 

ridges. Consequently, the 87Sr/86Sr ratios measured in modern oceanic crust are 

dominated by values of unaltered mid-ocean ridge basalt with deviations towards 

seawater value in sections of high permeability (Alt et al., 1996; Fisher, 1998; Alt and 

Teagle, 2000; Harris et al., 2015). Thus, using Sr isotopes in ancient submarine rocks can 

give insights into the redox evolution 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 mid-ocean ridge spreading, i.e. at least since 

Archean (Laurent et al., 2014; Tang 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 ancient 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 high-Mg lavas (several km thick) 

in a rift of the Karelia craton at around 2.43 ï 2.41 Ga (see Chapter III). Unlike the 

marine sedimentary record, high-temperature alteration minerals that form within oceanic 

crust are poor indicators of seawater composition because hydrothermal concentrations 

are rock-buffered with exception of Na and Cl. Nevertheless, we can apply multiple 

isotope ratios, ŭ18O, ȹ17O and 87Sr/86Sr, to restore the isotopic signature of seawater 

within the alteration silicate minerals of ancient submarine basalts. The ŭ18O and ȹ17O 

measurements reported in this chapter and in Chapter III are used to trace the evolution of 

fluids in hydrothermal systems due to reaction between seawater and basalt, while the 

87Sr/86Sr ratios measured in silicates are used to constrain the seawater-derived Sr input 

into the ancient oceanic crust. Even though, there is a great uncertainty in the 87Sr/86Sr 

ratio of Precambrian seawater (Shields and Veizer, 2002) owing to poor preservation of 

original isotope integrity by marine carbonates, this study has a potential 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 exchange between 

basalt and seawater using triple oxygen isotopes in epidotes, supported by previous 

measurements of D/H ratios (Zakharov and Bindeman, 2019), which helps to disentangle 

the effect of temperature and variable water-rock ratio, and to constrain seawater isotopic 

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 fluid to rock ratios. 

Epidote crystals are resistant to secondary alteration, contain little Rb, and have high Sr 

concentration, requiring minimal correction for initial 87Sr/86Sr ratios. In addition, small 

fractionation of oxygen isotopes between water and epidote provides a close estimate of 

the oxygen isotope ratio in the fluids. The rocks of the Vetreny Belt are well suited for 

this study because of their excellent preservation and evident alteration at large 

water/rock ratios owing to high permeability. We use modeling 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 hydrothermal system for specified elements. To 

substantiate our investigations of the rock record, we apply mineral-aqueous equilibrium 

calculations to simulate seawater-basalt reactions using starting seawater compositions 

with abundant and low sulfate concentrations (i.e. modern vs Paleoproterozoic seawater). 

The calculations provide us an educated guess of what mineral assemblages are useful for 

isotopic measurements. We show in the study that equilibrium assemblage of epidote and 

quartz in absence of feldspar represent a limited range of the water-rock ratios supporting 

the connection between measured 87Sr/86Sr values and that of seawater.  

2.0 Model set up 

2.1 Dual porosity model at steady state 

Fluids that enter the hydrothermal system initially have the isotopic 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 

temperature at 250 to 400 °C. Among other chemical and isotopic changes, this process 

has a strong effect on the isotope ratios of oxygen, hydrogen, and strontium in 

hydrothermal fluids, since both elements are present in seawater and rocks with distinct 
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ŭ18O, ȹ17O and 87Sr/86Sr values. The equilibrium fractionation of oxygen isotopes at 250-

350 °C between water and secondary assemblages with bulk basaltic composition defines 

the values of ŭ18O and ȹ17O of fully exchanged fluids. The value +2.5 ă for ŭ18O and -

0.06 ă for ȹ17O are accepted here as the oxygen isotope ratios of fully exchanged water 

in equilibrium with mid-ocean ridge basalts (MORBs). Unlike oxygen isotopes, 87Sr/86Sr 

ratio does not fractionate between minerals and fluids; it evolves from high seawater-

value (modern 87Sr/86SrSW = 0.7085) towards lower ratios as more mantle-derived Sr 

(87Sr/86SrMORB = 0.702) is released through dissolution of basaltic plagioclase. As a result 

of this process, average submarine hydrothermal fluids are isotopically shifted and have 

ŭ18O values between +0.5 and +2.0 ă, whereas 87Sr/86Sr ratio is low, typically around 

0.704-0.703 (e.g. Bach and Humphreys, 1999).   

Previous one-dimensional fluid-rock interaction models (e.g. Lassey and Blattner, 

1998; Bowman et al., 1994; Baumgartner and Valley, 2001) describe dependency of 

isotope shifts on the physical properties of reactive transport within porous flow. They 

provide useful insights into modes of isotopic shift (diffusion/advection dominated) in 

porous rocks and a fractured medium. In this paper, we undertake steady-state modeling 

of water-rock reaction in a dual porosity system (DePaolo, 2006) since we use 

measurements from filled fractures and veins, where both advective and diffusive 

transport occurs in different parts of the systems. The model is used to simulate 

simultaneous shifts of strontium, oxygen and hydrogen isotope 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 in fluids relative to concentration 

of O and H, which results in different profiles of isotopic shifts. The principal equation 

must include diffusion, advection and reaction terms that contribute (dissolution) or 

consume (precipitation) chemical species: 

” ”Ὀ ὺ” ВὙ ὅ  ВὙ ὑὅ  (1), 

where C is concentration of element in the fluid and solid (subscript f and s respectively), 

ɟ and ᶫ denote density and porosity, D is ionic diffusivity, v is fluid velocity, K is 

distribution coefficient for solid/fluid. The terms R describe rates of dissolution (subscript 

d) and rates of precipitation (subscript p) of species i and j.  
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The equation can be re-written for a fractured medium, where fluid transport 

occurs via advection along fractures and diffusion in the low-porosity matrix. 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 precipitation into one term 

yields recrystallization rate (denoted R) expressed in gĀg-1Āyr-1, i.e. grams of alteration 

material forming per grams of original rock in a year. As explained by DePaolo (2006), 

the steady-state assumption of the dual porosity model is a good starting point for 

demonstrating possible trajectories of combined isotope shifts and it is an easy 

calculation to implement. The application of such assumptions is also justified by the 

relative longevity of hydrothermal systems, on the order of 104 yr and an inability to 

make safe assumptions about how the isotopic ratio of fluids changed with time, when 

only the final product (hydrothermally altered rocks) can be analyzed. In the steady-state 

formulation of the model, the fluid isotopic ratios change with distance (x in meters). The 

rate of change of isotopic ratio in fracture fluid (r f) with the distance is described as: 

  ὶ  ‌ὶὼ В ρ ὲ“    (2), 

where D is ionic diffusivity of a species (e.g. self-diffusion of H2O, Sr2+), ʟ  is porosity in 

the matrix, vf velocity of the fracture fluid, ʟf porosity of the fracture (always equals 1), b 

is fracture spacing and d is fracture width. The variable L defines the reactive length 

which derives from the relationship (Dɟfluid◖Cfluid/Rɟrock(1-◖)Crock)
1/2, where letters ɟ, ᶫ, C 

denote density, rock porosity and concertation of an element of interest. It represents the 

distance along which the pore fluid remains sensitive to the fluid in the fractures. It also 

means that a large L value results in a small isotopic shift along the direction of fracture 

fluid flow. Since different elements have different values of L, the rate of change with 

distance is expected to 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 

and near absence in rocks. Thus, the ŭD values of fluids do not experience significant 

change over a large range of distances compared to other elements.  

2.2 Monte-Carlo simulation of the dual porosity model 

The results of steady-state dual porosity model are highly dependent on the 

physical conditions represented by variables R, vf, d, D and b. 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 values. The effect of variable fracture 

spacing (b) 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 several meters (1-5 m), while the recrystallization 

rates vary on the order of 0.0001 yr-1 as constrained by monitoring of short-lived isotopes 

in active hydrohtermal systems (Kadko and Moore, 1988; Kadko et al., 2007). It is 

important to note, that the two variables R (recrystallization rate) and vf (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 between several meters a year to ~100 m/yr (Norton, 1978; 

Wood and Hewett, 1982; Hayba and Ingebritsen, 1997). Thus 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 Monte-Carlo simulation of the isotopic shift 

using ranges of values listed in Table 1. Critically, the values R range between 0.0001-

0.0005 yr-1 and vf between 10 and 100 m yr-1. The isotopic shifts were simulated by 

calculating the r(x) value 2000 times from Eq. 2 randomly picking variables within the 

specified ranges.  

 

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

Variable Minimum Maximum Units Sources 

b, fracture spacing  2 5 m DePaolo, 2006 

R, dissolution-

precipitation rate 

0.0005 0.0001 g g-1 year-1 DePaolo, 2006; 

Kadko et al., 2007 

vf, fluid velocity  10 100 m yr-1 Hayba and 

Ingebritsen, 1997 

,ʟ matrix porosity 0.01 0.02 none Becker, 1985 

 

2.3 Aqueous-mineral equilibrium calculations 

 To understand the mineralogical and isotopic modification of altered oceanic crust 

of the Precambrian submarine systems, it is a sensible exercise to perform mineral-

aqueous 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 modern hydrothermal systems, and to apply them to 
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the ancient submarine hydrothermal systems by using starting seawater with low sulfate. 

The Archean ï early Paleoproterozoic submarine systems are simulated with the same set 

of conditions and steps as described below allowing for convenient comparison. The 

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

Berner, 1996) and modified for the ancient seawater by lowering sulfate content by three 

orders of magnitude (Habicht et al., 2002) and increasing Mg and Ca content using the 

Phanerozoic maximum estimates that apply when sulfate content was also the lowest 

(Horita et al., 2002; Berner, 2004). Using the Phanerozoic estimates for the concentration 

of these elements is validated because seawater solute concentrations in the early 

Precambrian are not reconstructed as reliably as for the Phanerozoic owing to the absence 

of suitable record, however using these values allows us to make a realistic comparison 

of the effect of variable sulfate. In addition, investigations of Precambrian chemical 

sediments (Holland, 1984) suggest that, relative to modern seawater, the concentrations 

of major elements such as Mg, Na, K, Ca, Sr and Cl, but not sulfate, are expected to lie 

within the same orders of magnitude. It 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 should address the possible effects of high silica content on the 

composition of high-temperature alteration mineral assemblages in the oceanic crust. 

 

Table 2. Molar content of initial seawater used in the mineral-aqueous equilibrium 

calculations. Dashes indicate that the concentrations in ancient seawater are taken to match 

that of modern seawater.  
Ion Concentration in modern 

seawater (mM/kg)   

in early Paleoproterozoic 

seawater  

Cl- 551 698* 

SO4
2- 28 28Ā10-5 

HCO3
- 2.3 - 

HS- 3.0 Ā10-6 - 

H4SiO4 0.12 - 

Al 3+ 3.0Ā10-3 - 

Ca2+ 10 40 

Mg2+ 56 71 

Fe2+ 5.4Ā10-3 - 

K+ 10 - 

Na+ 469 - 

Sr2+ 0.15 - 

* - chlorinity of seawater was adjusted for maintaining neutral charge balance 
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We perform seawater-basalt reaction with modern levels of sulfate as a point of 

reference using program CHIM-XPT (Reed et al., 2010) to simulate a set of titration 

experiments in which small amount of basalt is incrementally added to 1020 g (1L) of 

seawater and the solution is then allowed to achieve equilibrium concentrations of 

aqueous 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 removal 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 

aqueous concentrations become dominated by equilibrium with basalt. At this stage, 

albite and microcline molar quantities exceed other minerals. This 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 and off-axis alteration (Fisher, 1998; Alt et 

al., 1996). Next, fluid moves through hot wall rock, precipitating minerals 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 water-rock ratio (W/R). The water-

rock ratio in these calculations is used as a measure of titration progress; 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) and 204 (5 g basalt titrated).  

To keep track of Sr concentration, we specified a distribution coefficient between 

anhydrite and fluid (DSr) of 0.35 (Ichikuni and Musha, 1978). That is a minimum 

estimate from laboratory precipitation experiments; in natural systems anhydrite shows a 

wide range of DSr values and many have a significant Sr enrichment that corresponds to 

Srfluid/Sranhydite close to 1 (Mills et al., 1998). Thus, 87Sr/86Sr ratio of hydrothermal fluids 

can be calculated from the molar concentration of equilibrium 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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Ὓὶ Ὓὶ    Ὓὶ Ὓὶ Ὓὶ  

 Ὓὶ Ὓὶ Ὓὶ  ɀ Ὓὶ Ὓὶ Ὓὶ ȾὛὶ  (4). 

This simple mass balance equation is used to show how 87Sr/86Sr ratio of hydrothermal 

fluids changes at incipient stages of hydrothermal alteration, i.e. at the point when 

seawater reaches point oversaturation with anhydrite.  

From the mass balance approach in the closed system, the ŭ18O value of fluids can 

be calculated as: 

ὲ ‏ ὕ  ὲ ‏ ὕ  ὲ ‏ ὕ

 Вὲ ‏ ὕ  ρπππὰὲ‌ ὲ ‏ ὕ   (5), 

where subscript ñSWò describes moles and ŭ18O of water contained in the starting 

solution; subscript ñrockò denotes moles and isotope composition of titrated basalt; 

ñproductsò denote minerals forming in equilibrium with H2O with their respective 

fractionation factors 1000lnŬproducts-H2O.  

3.0 Analytical methods  

The triple oxygen isotope values of submarine hydrothermal fluids were analyzed 

by fluorination with BrF5 and cryogenic purification of O2 gas with subsequent gas 

chromatography (GC) separation from potential contaminants. The gas was measured in 

dual-inlet mode by gas source isotope ratio mass spectrometer (GS-IRMS) MAT 253 at 

the Institute for Planetary Materials, Okayama University. The complete description of 

the procedure can be found in Tanaka and Nakamura (2013). The ŭ18O and ŭ17O values of 

fluids were calibrated by the VSMOW2-SLAP2 scale using the VSMOW2 (ŭ17OVSMOW2 

ſ 0 Ñ 0.090 and ŭ18OVSMOW2 ſ 0 Ñ 0.167, 2SD, N = 6) and SLAP2 (ŭ17OVSMOW2 = -29.668 

and ŭ18OVSMOW2 = -55.498, N = 1) values measured during this study.  

The strontium isotope values were measured using the Nu Plasma HR 

multicollector inductively-coupled-plasma mass-spectrometer (MC-ICPMS) hosted at the 

University of Illinois, Urbana-Champaign. The standard SRM 987 yielded 87Sr/86Sr 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 its nominal value. 

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 

values of ŭ18O, ȹ17O and 87Sr/86Sr are shown in Figure 1. The effect of variable R and vf 

is shown in Figure 2. The effect is such that 87Sr/86Sr ratio of hydrothermal fluids is 

slightly more radiogenic than that of fresh MORB and ŭ18O values are shifted between 

+0.5 and +2.5 ă. This is consistent with measured values 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 mid-ocean ridge systems shown in DePaolo (2006). Additionally, we show the 

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

 

 

Figure 1. The output of dual-porosity model adopted from DePaolo (2006) with added 

Monte-Carlo simulations exemplifying probabilistic approach to reconstructing fluid 

isotopic shifts during interaction between modern seawater and mid-ocean ridge basalt 

(MORB). (A) ï The isotopic shifts are shown for 87Sr/86Sr and ŭ18O values and simulated 

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

most frequent outcome of the Monte-Carlo simulation with parameters shown in Table 1. 

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

vent fluids. (B) ï The same output shown for the three-isotope oxygen system (ȹǋ17O 

defined as 103ln[1+10-3ŭ17O] ï 0.5305Ā103ln[1+10-3ŭ18O]) and 87Sr/86Sr ratio. The 

parameters of the model are identical as in the panel A. The ŭ18O and ȹǋ17O of fluids in 

equilibrium with MORB (ŭ18O = 5.5 ă, ȹǋ17O = -0.07 ă) calculation from high-

temperature fractionation of triple oxygen isotopes between secondary minerals and 

water (103ln18Ŭrock-water = 1.003 and 103ln17 Ŭ rock-water = 0.529·103ln18Ŭ rock-water).  
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Figure 2. The output of the dual-porosity model with the parameter ranges from the 

Table 1. The variables R (recrystallization rate, yr-1) and fluid velocity (m/yr) are 

amongst the most variable and uncertain parameters of a given hydrothermal systems. 

The ranges of values shown 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 fluids: 87Sr/86Srfluid = 0.702-0.704 and ŭ18Ofluid = 

+0.5 ī +1.5 ă. 

 

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 for 87Sr/86Sr, and/or when the initial 87Sr/86Sr ratio of seawater is 

unknown. The most frequent output of the model results in about +1 ă shift in ŭ18O of 

fluids accompanied by a significant shift in Sr-isotopes producing values ~0.001 above 

that of the MORB (0.702; Fig. 1A). The accompanied shift in ȹ17O value is -0.03 ă (Fig. 

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

trajectories of Sr isotope shifts proportional to value of L. While O- and H-isotopes 

would not change its L values over the time of geologic history, different concentration of 

Sr entering the hydrothermal system would be noticeable by the shape of combined 

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

in Figure 4 with output of Monte-Carlo simulation displayed with color-coded data 

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

expressed as Srrock/Srsw. 
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Figure 3. The result of the dual-porosity model plotted for (A) hydrogen isotopes and (B) 

triple oxygen isotopes. The triple oxygen isotope measurements of modern vent- and 

well-fluids, and epidotes from near-costal and submarine systems are also shown. These 

isotopic shifts are not sensitive with respect to the 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 for other isotopic 

systems for which either initial concentration of an element or its isotopic values are not 

known (e.g. concentration of Sr and 87Sr/86Sr in 2.4 Ga seawater). Approximate 

fractionation between water and epidote in a triple oxygen isotope system at the bottom 

of panel (B). 

 

 

4.2 Calculated mineral and aqueous species  

The total moles of dissolved component species during the reactions are shown in 

Figure 5. The result of O- and Sr-isotope mass balance calculations (Eq. 1) are shown in 

Figure 5B. The equilibrium Ca- and Fe/Mg-bearing 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 

Archean-Paleoproterozoic hydrothermal systems. The open squares show estimated 

values of hydrothermal fluids based on the measurements of epidotes from the Vetreny 

Belt. The horizontal bars are uncertainties in the fluid value estimates. The simulated runs 

of the Montel-Carlo model are shown with filled circles color-coded by the ratio of Sr in 

basalt relative to Sr in seawater. The ŭ18O value of initial seawater is taken to match that 

of ice-free ocean and the 87Sr/86Sr of seawater is approximated by the lowest ratios 

measured in the late Archean/early Paleoproterozoic carbonates (0.7045; Shields and 

Veizer, 2002). The contemporaneous depleted mantle is taken to have 87Sr/86Sr ratio of 

0.701. The 87Sr/86Sr values measured in epidotes from the Vetreny Belt contain evidence 

for high input of seawater isotope value, assuming the measured values are close to the 

initial isotope ratio. Coupled with triple oxygen isotope values, the 87Sr/86Sr ratio shifts 

record high seawater-derived Sr entering the system or/and high value b (fracture 

spacing). Unlike ŭ18O values, the ȹ17O values of epidotes do not differ significantly from 

that of equilibrium fluids due to high temperature mass-dependent fractionation.  
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As expected, these calculations show that abundance/absence of abundant 

anhydrite is the most noticeable difference between high- and low-sulfate seawater-basalt 

reactions (i.e. modern and Paleoproterozoic altered oceanic crust assemblages). Molar 

abundances of other mineral and dissolved species in the performed aqueous-mineral 

equilibrium calculations are similar across the two cases. In the high-sulfate run, when 

anhydrite forms at high temperature (350 °C) and is removed from the fluid, the 
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remaining hydrothermal fluid is 50 % shifted from its original seawater 87Sr/86Sr 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 

103 and 105). In the sulfate-rich seawater-basalt reaction, about 10-4 moles of hematite is 

present in equilibrium assemblage pyrite + talc + hematite + chlorite ± chrysotile ± 

magnesite (Fig. 7). Only about half of that amount of hematite is present in equilibrium 

with same minerals in the sulfate-poor calculation, with more abundant Fe2+ present 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 sulfur and iron increase as more 

and more basalt is titrated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 (next page). Result of seawater-basalt equilibrium reaction calculations at 

variable water-rock ratio (W/R) with (A) low and (B) high levels of sulfate (Archean and 

modern seawater sulfate levels, 3Ā10-5 and 3Ā10-2 moles/kg). Total molality of aqueous 

component species are shown with the exception of sodium and chlorine. Activity of H+ 

ion is shown as aH+ to reflect the changes of pH in the solution, i.e. -log10a(H+). The 

temperature 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 hydrothermal fluids (red curves) expressed as (87Sr/86Sr seawater ï 
87Sr/86Sr fluid)/( 87Sr/86Sr seawater ï 

87Sr/86Srbasalt). 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 of ŭ18O fluid value with decreasing W/R. 
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Figure 6. The molar abundances of Ca-bearing 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). (A) - The low 

sulfate seawater-basalt 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 seawater-derived Ca 

(and Sr) and SO4
2- to be removed from the system.  
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Figure 7. Molar abundance of Fe/Mg-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 vary significantly at high W/R between low- and high-sulfate 

modes. Although in the low sulfate seawater-basalt reaction (A) the amount of hematite 

forming at 150 °C is significantly (10 times) lower compared to the modern high sulfate-

seawater basalt reaction (B). In the reaction (A), the low sulfate content promotes 

preferred aqueous speciation of Fe2+, while 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 equilibrium alumosilicate minerals and quartz in the 

calculations shown in Figs 5-7. 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 vary significantly at high W/R 

between low- and high-sulfate modes. This general similarity shows that our calculations 

were carried out in a self-consistent manner. 

 

4.3 ȹ17O and 87Sr/86Sr values 

We report ȹ17O 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 20 mM. Those fluids reflect extensive interaction with basaltic 

rocks at high temperature and oxygen isotope shifts due to seawater-basalt equilibrium 

reactions that buffer low aqueous Mg. Other samples with higher Mg concentrations were 

either less modified by interaction with basalt or underwent phase separation. Thus, their 

oxygen isotope values are more difficult to interpret. The ŭ18O and ȹ17O values of 

modern seawater-derived fluids and epidotes from previous chapters are plotted together 

in Figure 3. 

 

 


