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ARTICLE INFO ABSTRACT

Editor: Dr. S Aulbach Estimations of Earth’s earliest surface conditions assume a strong connection between the temperature and
oxygen isotopic composition of oceans, balanced by surface weathering and submarine hydrothermal alteration.
The oldest preserved supracrustal rocks provide rare opportunities to study and constrain the earliest surface
conditions prevailing on the Earth. Here, we present a study of triple oxygen and hydrogen isotopes of hydro-
thermally altered Eoarchean metamorphosed basalts, ultramafic rocks, and detrital and chemical sediments,
from the Saglek-Hebron Complex in northern Labrador, Canada. For the metavolcanic rocks, 5'180 values range
from 4.83 % to 8.56 %o, while A°170 values vary from —0.076 %o to —0.023 %o, both higher and lower than the
mantle. Accounting for the effects of metamorphism on oxygen and hydrogen isotopic compositions, we
demonstrate that triple oxygen isotopic values are preserved from the hydrothermal suboceanic stage, while
none of the hydrogen isotope compositions (8D from —77.9 %o to —10.7 %o) are interpreted as primary. Several
metabasalt samples from the Saglek-Hebron Complex yielded A’’0 values lower than modern mantle values,
which cannot be explained by direct interaction with modern seawater and indicate complex upstream in-
teractions. Our numerical models and Monte Carlo simulation considers one- and two-stage mechanisms of
water-rock interaction, including the 8’180 and A’170 isotopic shift effects due to interaction between basalts and
chemical sediment-derived fluids. The modelling favors Eoarchean seawater characterized by low 8180 < —8 %o
at A’Y70 up to 0.01 %o. This model also works for higher A’'70 at lower §'80. Our results also suggest that
without proper modelling of multi-stage water-rock interaction, involving isotopic shifts and input of sediment-
derived fluids, exposed sections of altered oceanic crust present only remote evidence of the original seawater.
Due to the modeled isotopic shifts and fluid mixing, we favor “weak” coupling of seawater-oceanic crust
interaction globally. This potentially reduces the relative importance of submarine hydrothermal alteration in
explaining the oxygen isotopic record in submarine basalts across the geologic history.
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1. Introduction 2020). Characterizing Earth’s earliest hydrosphere, including its vol-

ume, temperature, as well as chemical and isotopic composition, relies

Estimations of Earth’s surface temperatures during approximately
the first half of its history range from intensely hot to mild conditions,
akin to today’s climate. Constraining the surface conditions prevailing
on the early Earth is crucial for our understanding of major geological
events such as the start of plate tectonics, continent formation, ‘Snow-
ball Earth’ events, atmospheric oxygenation, and biological diversifi-
cation (Lyons et al., 2014; Dodd et al., 2017; Bauer et al., 2020; Lepot,

on investigations of ancient rocks whose protoliths preserved their
original isotope compositions, despite post-emplacement processes such
as metamorphism or metasomatism. The gradual temporal increase in
5180 observed in cherts and carbonates throughout Earth’s history is a
longstanding enigma in geosciences that has been debated for over 50
years (Perry, 1967; Jackson and Shaw, 1975; Muehlenbachs and Clay-
ton, 1976; Knauth and Lowe, 2003; Johnson and Wing, 2020; Liljestrand
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Fig. 1. Geological map of the Saglek-Hebron Complex, modified from (Ryan and Martineau, 2012; Komiya et al., 2015; Wasilewski et al., 2019; Wasilewski et al.,
2021). Detailed GPS locations for each sample can be found in Table S1. The Nulliak and Upernavik Archean supracrustal rocks include mafic metavolcanic rocks,
ultramafic and metasedimentary rocks. Coordinates are in UTM NAD 27 zone 20. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Field photographs of the Saglek-Hebron Complex formations. a) and b) Contacts and interbedding between quartz-biotite-garnet metasedimentary rocks
(shown with purple arrows) and mafic metavolcanic rocks (shown with grey arrows), c) pillow structures in metabasalts, d) outcrops of metamorphosed ultramafic
rocks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

et al., 2020; Bindeman, 2021). Two competing explanations have been
proposed to account for the temporal increase in 50 observed in
sedimentary proxies. The first suggests a change in seawater 5'%0 over
time. In chemical sedimentary rocks, because 880, depends on both,
the §'80geawater and temperature, a scenario involving a secular change
of alsoseawater implies that the temperature of the surface environment
has remained relatively constant (and hospitable for life), comparable to
modern conditions (ca. 0 to +29 °C in non-polar regions) (Veizer et al.,
1999; Kasting et al., 2006; Jaffrés et al., 2007; Galili et al., 2019; Isson
and Rauzi, 2024). However, the geologic record of panglobal Snowball
Earth glaciations and less extensive continental glaciations suggest un-
steady global temperature through time, which could plunge for tens of
millions of years. Moreover, moderate and occasionally cold climate
attests that 580 of seawater must have increased by ~15 % since the
Archean to account for constant A’'70 (D rock-water Values.

The second hypothesis proposed to explain the temporal increase in
5180 states that the isotopic composition of seawater remained constant
(5'80seawater = 0 = 2 %o) over time (Knauth and Lowe, 2003; Robert and
Chaussidon, 2006), primarily based on crust-mantle-hydrosphere global
box models (Muehlenbachs and Clayton, 1976; Holland, 1984). Because
of the dependence between 8'%0 of a sedimentary rock and water
temperature, this model requires that the early ocean was much hotter
than it currently is, from 70 °C to as high as 110 °C (Chase and Perry,
1972; McGunnigle et al., 2022), where greater pH,O atmospheric
pressures would account for seemingly unrealistic higher than boiling
temperatures (Chase and Perry, 1972). These mechanisms involve bal-
ance of high- and low-temperature interactions between seawater and

the oceanic crust, resulting in the enrichment and depletion of 80 in
seawater, respectively. Estimated high-temperature hydrothermal
alteration fluxes at mid-ocean ridges is the dominant mass flux (80-90
%) into the hydrosphere, followed by surface weathering (10-20 %)
(Wallmann, 2001) and less important fluxes such as recycling of water or
continental growth. However, the uncertainty in estimating the
magnitude of these fluxes exceeds an order of magnitude (Gregory and
Taylor, 1981; Holland, 1984; Muehlenbachs, 1998), and the hydro-
sphere would respond to changes on a 107-10% year-scale (Holland,
1984).

One of the reasons for the existence of contrasting models is that an
equation describing oxygen isotope fractionation during water/rock
interaction is dependent on both temperature and slsowater. The addi-
tion of 170 isotopic data, however, provides an independent equation
within the same isotopic system, potentially making the whole system
solvable for both isotopic composition and temperature. This new
approach applied to previously well-studied outcrops provides fresh
insights into the water/rock interaction processes. We here present a
comprehensive triple O and D/H study of ~3.8 Ga to ~3.4 Ga rocks from
the Saglek-Hebron Complex (northern Labrador, NE Canada), a rare
remnant of Eoarchean oceanic crust. Samples studied include meta-
morphosed basaltic, ultramafic and sedimentary rocks (cherts and
banded iron formations (BIF)). Mathematical and Monte Carlo simula-
tions allow to model the effects of water-rock interaction and to derive
5180 and A’170 values of parental waters at variable water-rock ratios
and mixing, that can be applied in similar studies.
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Table 1

Isotopic compositions of different lithologies studied.
Lithology n 5180 mean 5180 min 5180 max A0 mean A0 min A0 max 8D mean 8D min 8D max
BIF 1 8.24 7.69 8.78 —0.051 —0.051 —0.051 —45.67 —45.67 —45.67
Ultramafic Nulliak 7 5.24 2.49 8.08 —0.052 —0.095 —0.026 —46.25 —52.52 —-38.91
Ultramafic Upernavik 1 5.97 5.09 6.86 —0.034 —0.034 —0.034 —45.79 —55.46 —38.88
Mafic metavolcanic Nulliak 8 6.43 4.83 8.56 —0.051 —0.073 —0.030 —41.91 —55.06 -10.71
Mafic metavolcanic Upernavik 9 6.62 4.92 7.55 —0.049 —0.076 —0.023 —34.89 —63.45 -15.71
Metasediment Nulliak 2 6.38 6.04 6.61 —0.027 —0.031 —0.023 —55.15 —74.18 —42.23

Full data is available in Supplementary Table S1.
2. Geological setting

The Saglek-Hebron Complex (SHC) is located in northern Labrador,
Canada, within the Archean Nain Province of the North Atlantic Craton
(Fig. 1). It is a granite-greenstone terrane mostly composed of orthog-
neisses from the tonalite-trondhjemite-granodiorite (TTG) series and
including sub-km to km scale enclaves of supracrustal assemblages. The
SHC has been metamorphosed to granulite facies to the west of the
Handy fault, and amphibolite facies to the east, with the southeastern
area believed to have reached granulite conditions and retrogressed to
amphibolite facies (Bridgewater et al., 1975; Schigtte et al., 1986).

The SHC felsic rocks were formed through multiple magmatic events
from approximately 3.9 Ga to 2.7 Ga (Komiya et al., 2015; Shimojo
et al., 2016; Wasilewski et al., 2021). The oldest felsic component con-
sists of banded grey gneiss referred to as the Iqaluk gneiss (sometimes
called the Nanok gneiss). It has been dated at 3920 + 49 Ma (Shimojo
et al., 2016), but this age was questioned (Whitehouse et al., 2019) and a
slightly younger age of 3869 + 6 Ma was subsequently obtained for the
same rocks (Wasilewski et al., 2021). Other felsic units include the ca.
3750 Ma Uivak I gneiss, the ca. 3600 Ma Uivak II gneiss, the ca. 3330 Ma
Muilik gneiss, the ca. 3230 Ma Lister gneiss, and 2700-2800 Ma granitic
rocks (e.g., Wasilewski et al., 2021).

The supracrustal rocks of the SHC mostly consist of mafic amphib-
olites interpreted as basaltic metavolcanic rocks (Nutman et al., 1989),
locally preserving pillow lava structures (Fig. 2; Wasilewski et al., 2019).
These mafic metavolcanic rocks exhibit tholeiitic-like geochemical af-
finities, with compositional variation consistent with fractional crys-
tallization within volcanic flows (Wasilewski et al., 2019). The
supracrustal rocks have been divided into two distinct assemblages
based on the presence or absence of crosscutting Paleoarchean dykes
called the Saglek dykes (Baadsgaard et al., 1979). The Nulliak supra-
crustal unit intruded by the Saglek dykes, is interpreted to be older than
the rocks from the Upernavik assemblage, which does not appear to be
intruded by the Saglek dykes. Ages for the mafic metavolcanic rocks are
not as well constrained as for the felsic gneisses dated by U—Pb on
zircon, but Sm—Nd and Lu—Hf isochron ages suggest an Eoarchean age
of nearly 3.8 Ga for the Nulliak assemblage, and a Paleoarchean age of
~3.4 Ga for the Upernavik unit (Morino et al., 2017; Morino et al.,
2018). Metavolcanic rocks from both supracrustal assemblages are
interlayered with quartz-biotite-garnet schists interpreted as detrital
metasedimentary rocks (Collerson et al., 1991). Chemical metasedi-
ments such as BIF and chert-like quartzites can be found within the
Nulliak assemblage (e.g., Bridgewater et al., 1975; Baadsgaard et al.,
1979), but appear to be absent in the Upernavik volcano-sedimentary
unit (Bridgewater and Schigtte, 1977).

The SHC comprises ultramafic rocks that can be spatially associated
with the supracrustal units, but more commonly occurring as large ul-
tramafic bodies within the felsic gneisses. These ultramafic rocks have
been described as metakomatiites and fragments of lithospheric mantle
(Collerson et al., 1991), but Wasilewski et al. (2019) rather interpreted
them as olivine-rich cumulates derived from parental magmas with
komatiitic basalt compositions. The ultramafic rocks include 2 distinct
groups that have different Fe contents, Al/Ti ratios and trace element
compositions. The low-Fe ultramafic rocks seem to be related to the
Nulliak mafic metavolcanic rocks through magmatic differentiation,

whereas the high-Fe ultramafic rocks appear geochemically unrelated to
the basaltic rocks from either the Nulliak or the Upernavik assemblages
(Wasilewski et al., 2019).

3. Samples and Methods
3.1. Samples

We report triple O (580, n = 40; A0, n = 28) and H (6D, n = 44)
isotopic compositions on several rock types from the SHC, including
samples of mafic metavolcanic rocks, ultramafic rocks and metasedi-
mentary rocks (detrital and BIF). The isotopic data obtained on these
samples is presented in Table 1 and Supplementary Table S1 (this table
also features whole-rock geochemical data previously published in
(Wasilewski et al., 2019).

3.2. Analytical methods

All stable isotope analyses were performed at the Stable Isotope Lab
of the University Oregon (USA) using a Thermo Scientific MAT253 mass
spectrometer. We report data using three preparation methods: §'0 by
laser fluorination as CO;, gas, 5'80 and A’170 values as O, gas, and 8D +
H,0 runs by thermal conversion elemental analyzer (TCEA). Oxygen
isotope analyses were conducted either using a regular plug (holding
multiple samples) or an airlock sample chamber. Analyses conducted
using the latter were performed for reactive samples. San Carlos Olivine
(5180 = 5.24 %o, A’70 = —0.052 %o), UWG2 garnet (530 = 5.80 %o)
(Valley et al., 1995) and an in-house UOG garnet standard (580 = 6.52
%o) were used to calibrate the data on the VSMOW scale. Measurement
precision was +0.1 %o for 5180, +0.01 %o for A’17O, +0.02-0.04 wt%
for the HyO content, and within 1-3 %o for 8D. Note that we use
A’17Omamle = —0.052 %o (0 = 0.528) from Sharp and Wostbrock (2021).
To check the dependence of our modelling we conduct two-stage
simulation (described in discussion) using A’17Omm1E = —0.052 %o (0
= 0.5305) or — 0.037 if 6 = 0.528 from Miller et al. (2020) (Supple-
mentary Fig. S1). The small difference observed is not crucial for the
goals of this paper.

3.3. Isotopic notations and fractionation equations

In addition to conventionally defined §'%0 and 570 values as
(Rsample/Rvsmow — 1)-1000 where R is 120/1°0 and 170/'°0 ratios in
samples and VSMOW is water standard (Sharp et al., 2016), we used
primed notations of 580 and §’170. Primed, or linearized & values are
expressed as in (Miller and Pack, 2021), where:

58170 = 1000In(3'*'70/1000 + 1) 1

There are no numerically significant differences from conventionally
defined &’s (typically by 0.0x%o), but the transformation using the
logarithmic scale allows for simple algebra when relating isotope frac-
tionations 1000lna'®0 and & 80 values. In primed coordinates:

A' 18Oproxy*waxer (T) = 5718 Oproxy (T)fslsowater (T) (2)

A similar equation holds for 170, Eq. (2) relates measured and
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(Bindeman and O’Neil, 2022).

linearized 8''%0 and &''70 values with temperature-dependent frac-

tionation factors is strictly as:

1000Ina"® Oproxy—water (T) = A Oproxy—water (T) 3
The linearized notations allow the A’'70 to be expressed as:

A0 =5§"0-0.528-5"%0 4

In a linearized format, the equilibrium fractionation of 70/1°0
relative to 1¥0/1°0 between two phases x and y is given by the equation:

870,570, = 0-(5'°0,-5'%0,) (5)

The 0 value varies with temperature ranging from 0.5305 at T — oo to
lower values at T = 273.15 K. To by first order of approximation, the

temperature dependence of 0 for quartz is given by Sharp et al. (2016):

1.85

Oy = =~ +0.5305 (6)

3.4. Fractionation factors

We calculated the fractionation factors for basalt/water interaction,
on the basis of average normative (CIPW) composition based on XRF
analysis for the studied metavolcanic rocks. The original mineral
assemblage in the basaltic rocks could have been different, perhaps
including glass. However, given that fractionation factors are mainly
dependent on SiO,, FeO and, to a lesser extent, Al,O3 contents, this
approach is likely robust, and allows for calculating reasonable

Modern ocean water
Mantle

Metavolcanic

Nuvvuagittuq
100°C

X Ultramafic Nulliak
502C X Metabasalt Nulliak

@ Metasedimentary Nulliak
RS - Ultramafic Upernavik
-+ Metabasalt Upernavik

@ BIF

5

|
[
oC
0.00 T e e - == ===~
I
I 200°C
| o
—0.02 1 100eC
I 1o*zc + P
|
8 |
< —0.04 A :
©) I % 5
N I
=, —0.06
< : +
s
|
—0.08 I
|
|
|
—-0.10 I
I
T
0

-10 -5

6'180, %o

15 20

Fig. 4. Triple oxygen isotope data for the studied rocks from Saglek-Hebron Complex, compared to the mantle and A’'70-8"180 fractionation curves. Each of three
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modern, 8 %0 = 0 %o, A’170 = 0 %o). Note overlap between 3.8 and 3.4 Ga metavolcanic ultramafic rocks, as well as between them and 4.3-3.8 Ga Nuvvuagittuq
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fractionation factors. The fractionation factors for each mineral (for both
5180 and A’17O) were taken from Schauble and Young (2021). Because
this database provides fractionation factors for Fe-free minerals, all iron
was recalculated as hematite; the relevant fractionation factors were
taken from Hayles et al. (2018). For altered basalt we assumed a 50:50
mix of primary and secondary minerals, namely half of the primary
orthopyroxene and diopside were hydrothermally altered to serpentine
and tremolite, respectively, and 100 % of primary albite was converted
to kaolinite. Subsequently, we derived polynomial fits for both param-
eters for altered basalt-water fractionation:

8"® Opasate_water = 10°:3.75/T*-10°-6.12/T @

A" Opasate—water = — 3,409,768 /T* +1119.55 /T +13.77 /T-0.0181
®

The computed differences between integral fractionations factor for
altered and primary basalt with water are determined to be negligible at
T > 50 °C. The details of the calculations of the fractionation factors for
each mineral and basalt are presented in the Supplementary Materials
spreadsheet “Fractionation factors”. Fractionation equations for & 80
from Vho et al. (2019) are shown for comparison, as they were obtained
by the different methods. The equations above are compared with
fractionation equations from Bindeman and O’Neil (2022). The differ-
ence in 8 80 ranges from 0.66 %o at low temperature, to 2 %o at high
temperature, and from 0.007 %o to 0.015 %o for A’*70, respectively. This
difference is explained by different basalt compositions used by Binde-
man and O’Neil (2022) and by small discrepancies between theoreti-
cally calculated and experimentally determined fractionation curves.

4. Results
4.1. Oxygen isotopes and temperature of water-rock interaction

Table 1 presents the stable isotope data summarized as averages for
each lithology. The full isotopic dataset for individual samples is found

in the Supplementary Table S1. In general, the SHC metavolcanic rocks
5180 values of 5-8.5 %o are within the range of modern oceanic floor

basalts affected by low- and moderate temperatures hydrothermal
alteration (<200 °C, Figs. 3, 4), and no low-8180 values indicating high-
T interaction have been recorded.

Comparing metavolcanic rocks from the Eoarchean Nulliak and
Paleoarchean Upernavik units, no significant difference in 5'80 values is
observed; with mean values of 6.43 + 1.23 %o and 6.62 + 0.84 %o
respectively, both higher than the typical mantle-derived basalt at 5.7 +
0.2 %o (Eiler, 2001). Similarly, no significant difference is evident be-
tween ultramafic rocks from the different units, as the samples inter-
preted to be associated with the Nulliak assemblage yielded a mean §'0
value of 5.24 + 1.85 %o, while the mean 5'%0 value for the samples
related to the Upernavik assemblage is 5.97 + 0.60 %o. The detrital
metasediments, have similar or identical composition, while banded
iron formation (BIF) tends to display §!%0 values toward the upper
range, with a mean 520 value of 8.24 + 0.77 %o.

The measured 580 values of mafic metavolcanic rocks correspond to
a rock-water interaction temperature range of 125-180 °C (Fig. 3a) if
modern seawater (i.e. 580 = 0 %o) is taken as the reacting fluid. The
5180 values of the SHC mafic-ultramafic rocks partly overlap with the
4.3-3.8 Ga metabasalts from the Nuvvuagittuq Greenstone Belt, NE
Canada. (Bindeman and O’Neil, 2022).

4.2. Triple oxygen isotopes

The majority of SHC samples exhibit triple oxygen isotope compo-
sitions around mantle values, extending to slightly higher and lower
A'Y70 values (Fig. 4). Composition of samples from both Nulliak and
Upernavik assemblages are in the same range, with a number of meta-
volcanic rock samples unexpectedly showing A’170 values lower than
the mantle composition (—0.052 %o). The compositional range of the
ultramafic rocks completely overlaps with the metavolcanic rocks, with
the exception of one ultramafic sample showing a more depleted
composition (A’170 = —0.095 %o). The SHC metasedimentary rocks lie
on the modern SMOW fractionation line with the BIF exhibiting lower
A’Y70 values. Although showing a larger extent of variation, the triple
oxygen isotope compositions of the SHC rocks are mostly comparable to
the Nuvvuagittuq metavolcanic rocks (Fig. 4).
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4.3. Hydrogen isotopes

No significant difference has been observed for hydrogen isotope
compositions between whole-rock samples and hornblende separates
(Table 1 and Supplementary Table S1). The majority of the SHC rocks
show 8D values between —30 and — 60 %o (Fig. 5), except for a group of
5 metavolcanic samples with higher 8D values ranging from —10 to —21
%o, four of which were collected on the Upernavik Island in close
proximity to one another (Fig. 1).

5. Discussion
5.1. Potential influence of metamorphism on triple O isotope compositions

The mafic metavolcanic rocks of the SHC represent rare remnants of
early oceanic crust that potentially provide insight into the coeval hy-
drosphere via their stable isotopic compositions. However, as rocks from
the SHC have been metamorphosed to at least upper-amphibolite and up
to granulite facies in some areas, we first need to evaluate their potential
to preserve the pre-metamorphism O isotopic values and discuss the
effects that metamorphism could have had on their original composi-
tions. The SHC is currently located at high latitudes, hence not affected
by lateritic weathering, or, if such weathering occurred in previous
times, its products were removed by glacial scouring. Therefore, we do
not consider that recent weathering affected the O isotopic composition
of the analyzed samples. We also discount the effects of secondary (post-
metamorphic) exchange with meteoric or hydrothermal fluids, as there
is limited evidence for post-metamorphic alteration in the studied
samples and weathered surface and fractures were carefully removed
during sample preparation.

Although limited, data on metamorphic rocks from previous studies
also suggest that primary pre-metamorphism triple O isotope composi-
tions are largely preserved, as was earlier argued for the 4.3-3.8 Ga
Nuvvuagittuq rocks (Bindeman et al.,, 2022). Peters et al. (2020)
demonstrated that olivine and orthopyroxene from Archean rocks ser-
pentinized by 2.7 Ga seawater, and subsequently de-serpentinized at
~1.8 Ga, preserved their original low-6'180 and high-A’'70, recording
the interaction with the seawater and temperature at which it occurred.
Previous work on hydrothermally altered rocks from the Karelia
Archean block (East Baltic Shield), later metamorphosed to amphibolite
facies, also demonstrated preservation of the world’s lowest &80
(—27.5 %o) protolithic values (Bindeman and Serebryakov, 2011). We,
therefore, consider the O isotope compositions measured in the SHC
rocks to largely reflect their hydrothermal history prior to the regional
amphibolite-granulite facies metamorphic event.

In order to assess how water loss affects 5180 and A’170 values
during metamorphic dehydration reactions, we have performed Ray-
leigh fractionation models. To do so, we used the average basalt
composition, estimated the possible assemblage of secondary minerals
produced by its alteration (variable amounts of chlorite, epidote, and
serpentine together with residual plagioclase and clinopyroxene) and
calculated 8170 and &''%0 values of the altered rock (Supplementary
Material “Oxygen_metam_dehydration”; Fig. S2). Subsequently, we
calculated gradual dehydration along several metamorphic P-T paths
resulting in successive metamorphic assemblages (Schmidt and Poli,
1998). Our modelling shows no significant shift in both 5’80 and A’170
regardless of the input conditions (water/rock ratio and proportions of
primary and secondary minerals in the alteration products) or meta-
morphic P-T paths. Therefore, it is possible to shift 580 and A’170 by
equilibration with relevant water and preserve the acquired composition
during almost complete metamorphic dehydration.

Hydrogen isotopic compositions for the SHC rocks display a different
behavior during metamorphism, as the D/H ratio is strongly controlled
by the total balance of Hy0, and to a lesser extent by the dehydration/
rehydration history. Isotopic partitioning during metamorphism frac-
tionates compositions toward heavier 8D (due to departing H,O and
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remaining OH). Therefore, the effects of metamorphic devolatilization
would have shifted 8D compositions to approximately 50 %o lower
values (Fig. 5) relative to starting composition of the rocks hydrother-
mally altered by present-day seawater. However, despite inferred
metamorphic transformation, the 8D values of the SHC samples overlap
with those of modern altered oceanic crust (Fig. 5). Similar to the
Nuvvuagittuq metavolcanic rocks, the SHC metavolcanic rocks have 8D
values slightly higher than expected, given their high metamorphic
grade, which may imply that the 8D of the Eoarchean oceanic crust was
higher. These two examples of early oceanic crust, however, contrast
with the low 8D characterizing the Eoarchean ultramafic rocks from the
Isua supracrustal belt (SW Greenland, Pope et al., 2012), whose
composition can be explained by the metamorphic devolatilization
(dotted red line on Fig. 5) of the oceanic crust altered by seawater with
modern-day 8D. We, however, also consider the potential for addition of
isotopically heavier water though rehydration, for example from deeper
devolatizing portions of the oceanic crust. This would affect 8D but have
a negligible effect on oxygen isotope compositions, in agreement with
the observed data (black dashed arrow on Fig. 5). The same process can
explain the high-6D samples from Upernavik island, if a greater volume
of added water is assumed.

Thus, as the 8D of the SHC rocks is inconsistent with fluxing of exotic
fluids through the rocks since their formation (Fig. 5), it also implies that
O isotopes were not affected by such process.

5.2. Implications of the isotopic variations

Measured 5180 of the SHC metavolcanic rocks is suggestive of
alteration at temperatures between 125 and 180 °C, assuming that the
composition of Eoarchean seawater was identical to that of modern
ocean (Fig. 3). This is within a reasonable temperature range but slightly
warmer than the typical temperatures for seafloor basalt alteration
(<150 °C, Alt and Teagle, 2003’Zhang, 2014 #8067). When assuming a
composition of 5’180 of —5 %o for the Archean seawater, the temperature
range for the SHC metabasalts decreases to 75-120 °C (Grossman and
Joachimski, 2022). No correlation between &80 and silica content is
observed (Fig. 3a), which indicates that possible later silicification did
not impact the oxygen isotopic compositions of the volcanic rocks
(Bindeman and O’Neil, 2022). Similarly, no clear relationship was found
between water content and 5 80 for the metavolcanic rocks (Fig. 3b).
Ultramafic rocks exhibit a high variability in water content, but still
show no correlations with §°180 (Fig. 3b).

In A’170-8"180 space (Fig. 4), the majority of the SHC metavolcanic
rocks yield low-A’70 that cannot be interpreted as a result of equilib-
rium fractionation between rock and modern seawater with 5’180 ~ 0 %o
(SMOW). Much more '®0-depleted water, matching hypothetical
Archean seawater estimates (i.e., —5 or — 10 %o) is required. This seems
to provide solid evidence for isotopically light Eoarchean oceans. It is
also noteworthy that some of the 4.3-3.8 Ga Nuvvuagittuq samples
similarly plot close to the fractionation line between —10 %o water and
mantle (Fig. 4). However, the large span of the SHC A0 values,
intercepting several fractionation lines, suggests the involvement of
more complex processes than equilibrium fractionation, at least for
some SHC samples studied here.

5.3. Potential sources of low- A’Y70 water

There are several ways of producing low-A’170 rocks, including
alteration by low-8"80 oceanic waters, alteration by meteoric waters,
addition of exotic low-A’170 waters (i.e., those produced by evapora-
tion), or participation of low-A’170 dissolved atmospheric oxygen pro-
duced by mass-independent fractionation during atmospheric ozone
production. In this section, we examine how these scenarios could apply
the studied Archean rocks.

1. Alteration by meteoric waters that might have 5180 and A’'70
values of —10 %o and 0.03 %o respectively (Luz and Barkan, 2010) could
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satisfy low A’70 data points. This scenario is unlikely because the
submarine origin of the SHC basalts is well supported by pillow-lava
structures and occurrence of BIF within some of the supracrustal as-
semblages (Wasilewski et al., 2019).

2. Evaporation of meteoric waters may lead to a range of waters
enriched in 20 and depleted in 170, for example, waters characterized
by 5180 = +2.5 %o and A’170 of approximately —0.03 %o (Surma et al.,
2021). Two issues, however, make this scenario unlikely. First, it is not
clear if/how much dry land, a prerequisite for evaporite formation,
existed in the early Archean (Korenaga, 2021). Second, a setting where
evaporation of meteoric waters would occur also is inconsistent with a
submarine origin for the SHC metavolcanic rocks, as described above.

3. Interaction with pre-existing evaporites, whose sulfates inherit
extremely low A’170 from atmospheric oxygen, was suggested by Peters
et al. (2019) as the cause of the low A’'70 of Phanerozoic magnetite
ores. However, this mechanism is not suitable for Eoarchean rocks
because the formation of extremely low-A’170 requires the presence of
sufficient ozone (very high-A’70) in the upper layers of the atmosphere,
that lowers the A’70 values of the remaining O to as low as —0.5 %o. As
O concentration in the air was likely low, evaporitic mechanisms are
unlikely to occur before the 2.4 Ga Great Oxidation Event.

Since no known mechanisms are responsible for the isotopic com-
positions observed in the SHC rocks, we consider previously unexplored
details of water-rock interaction, that includes a combination of isotope
fractionation between seawater and rock, and mixing of fluids. Such
processes have been previously proposed to explain 5'%0 compositions

of hydrothermally altered rocks and so-called “shifted” waters (Taylor
Jr., 1971). We here pursue this early study forward by considering the
effects on both 580 and A°170 values.

5.4. Modelling 50 and A°70 in oceanic rocks

In order to model 180 and A’'70 in oceanic rocks interacting with
seawater with different starting 180 and A’'70 values, we used both
fractionation (Hayles et al., 2018; Schauble and Young, 2021) and
mixing equations (Wostbrock and Sharp, 2021) in triple oxygen space
(the Python code and instructions are provided in Supplementary Ma-
terial and in online repository: Kutyrev et al. (2024)). We considered
one-stage and two-stage models of water-rock interaction and fluid
mixing, as well as Monte Carlo simulation of §!%0 and A’170 values in
rocks and waters. Given our dataset, we selected a starting composition
of seawaters and subsequent shifted waters resulting from water-rock
interaction to explain the range of 580 and A’70 observed in the
rock samples and their low- A’170 values.

5.4.1. One-stage water-rock interaction

Equilibrium fractionation curves such as those presented in Fig. 4
account for compositions resulting from the complete equilibration be-
tween water and rock, assuming water/rock ratio approaching infinity.
However, the amount of seawater infiltrating into the erupted basalt is
likely to be restricted due to the limited volume of fractures near the lava
flow and connected porosity of the volcanic rocks. In this case, the
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resulting rock §'%0 and A’70 compositions will be a combination of the whole-rock oxygen isotope compositions for a range of water/rock ratios

equilibrium endmember and the initial basaltic rock composition. For (water fraction ranges from 0.1 to 1.0; water + rock = 1), with hydro-

low water/rock ratios, rather exotic 520 and A’'”O compositions of thermal temperatures ranging from 50 to 400 °C. For these calculations,

shifted waters are possible. we use a simple mass-balance mixing model that is summarized by the
To assess these effects, we calculated the entire extent of possible following equation (after Wostbrock and Sharp, 2021):

1000X + (I(X L4 5X0rock initial — Xe 5X0water initial — 5X0rack initial — IOOOX)

aX—a—-X ®

6x0rack final =




A. Kutyrey et al.

Chemical Geology 670 (2024) 122378

a b
400
0.00
350 =
—0.02 A
3 o o 300 3
S ES X @
. —0.04 4 - R 250 &
S : e : 2 . £
g —0.06 I q 1 4 1 200 @
1 1 1
I [ I 150 S
—0.08 1 1 :
| | i 100
1
-0.10 : -0.10 : . 50
T T T T T T T T T T T T T T T T T T T T T
-10 -5 0 5 10 15 20 -10 -5 0 5 10 15 20 =15 -10 -5 0 5 10 15 20
0'180, %o 5'180, %o 0'180, %o

Fig. 8. Simulation of potential effects of water-rock interaction on triple oxygen isotopic rock compositions resulting from interaction with assumed Archean
seawaters: a) Archean-I, 5180 = —10 %o, A’'70O = 0.01 %o, b) another assumption of the Archean-II, 5180 = —5 %o, A’170 = 0.015 %o. Two-stage modelling is
performed (details described in Fig. 7 caption and in text). Both figures cover all datapoints (withing A’'”0 precision of +0.01 %o), except the lowest two most A’'70-
depleted datapoints. Same symbols as Fig. 5. Python code and instructions are available in Supplementary Materials.

where X reflects water content (1 is water-dominated, O is rock-
dominated system) and « is a fractionation factor.

Fig. 6a shows one-stage modelling for modern seawater and mantle,
showing that the observed low-A’170 compositions of the SHC rocks
cannot be entirely explained by such interaction.

The results of interaction between typical basalts with mantle-like
isotopic composition with more depleted Archean seawater (5’120 =
—5 %o, A’Y70 = 0.015 %o) are shown on Fig. 6b. These new parameters
do not provide a better fit for the low-A’170 samples. Even considering
even more depleted Archean seawater 6% = -10 %o, A0 = 0.01
%), the low-A’'70 samples are not accounted for and this scenario
would be inconsistent with the majority of the normal to high-A’170
samples (Fig. 6¢).

Fig. 6d represents the results of interaction between water with a
5180 and A’'70 range that corresponds evaporite waters (Surma et al.,
2015), although there is no independent evidence for its existence
during the formation and alteration of SHC basalts. However, a two-
stage interaction involving underlying chemical sediments can provide
a possible origin for such waters, without requiring evaporites. In
summary, one-stage water-rock interaction can explain only half of the
measured range of §!%0 and A’170 values.

5.4.2. Two-stage water-rock interaction producing large-scale A"70
variations

Seawater migration through fractures in seafloor rocks with water/
rock ratios much less than infinity results in a shift of their composition
(Gregory and Taylor, 1981). We used a two-stage model (Fig. 7; the
Python code is available in Supplementary Material “2-stage modelling.
py”) to assess the possible triple oxygen isotopic compositions derived
from such water/rock interaction:

1. The first stage of water-rock interaction generates a range of 5’80
and A’Y70 values in both the rocks and waters, and the composition of
isotopically shifted water is calculated. This calculation is similar to that
of the one-stage procedure, involving equilibrium fractionations and
mixing, but in addition to the rock (Eq. 9, Fig. 7a), we calculate the
shifted water composition (Fig. 7b) following:

1000 — 1000 e & + 6 Orock final
a

(10)

& Owater final =

2. The second stage allows to calculate all possible rock composi-
tions, using rock interaction with these shifted waters (instead of just
pristine single composition seawater of assumed fixed isotopic value),
looping through the same range of temperatures and water/rock ratios
(Fig. 7c). Subsequently, we acquire the field of all possible rock
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compositions derived by such process by relying on the starting SMOW
(0 %o, 0 %o in 6’180, A0 space) (Fig. 7d) as a reference. Geologically
this can be visualized that pre-reacted (pre-exchanged, this isotopically
shifted) Stage 1 waters are drawn to react with already reacted rocks, for
example in a different rock layer.

This two-stage process results in a wider compositional field capable
of explaining many low-A’1’0 values plotting below the modern SMOW-
basalt fractionation line, even with a modern seawater starting
composition. Nonetheless, even after consideration of the error on A’*70
(£0.01 %o), many datapoints remain difficult to explain by interaction
with seawater characterized by modern-like compositions, even after
being isotopically shifted by basalts (Fig. 7d). Archean seawater with
lower &80 of —10 %o or — 5 %o could, however, account for most of the
SHC basalt compositions (Fig. 8).

We next used a Monte Carlo simulation based on our one- and two-
stage models. First, we generated a random set of possible & 180 and
A0 shifted water compositions (5’180 from —15 to +10 %o, A’Y70
from —0.05 to 0.03 %o). Then, we calculated the full range of rock
composition that might be result from interaction with such shifted
waters, according to the algorithm described above. Simulation was run
until the number of input parameter sets that successfully explain the
observed rock compositions reached 200,000 (Fig. 9). We defined all
rock modeled compositions with A’170 > —0.06 %o as low and those
with A’Y70 > —0.02 %o as high. We also applied simulation to the rocks
with the lowest A°170 (< —0.075 %o, Fig. e, f).

The Monte Carlo simulation shows that all high values can be
reproduced by the modern SMOW both in one- and two-stage models
(Fig. 9a, b), while lowermost values require interaction with water of
8180 < ~10 %o at A’70 = 0.00 %o and &''80 < —13 %o at A’'70 = 0.01
%o (Fig. 9c-f). Supplementary Fig. S3 presents the range of parameters
(temperature and water fraction) that account for the samples with
A’'Y70 values less than —0.06 %o through a two-stage interaction with
seawater. The seawater characteristics include &''80 values from —7.8
%o to —7.6 %o and A’170 values from —0.012 %o to 0.022 %o. This figure
demonstrates a wide range of permissible parameters with temperatures
ranging from 323 to 673 K for the first stage and from 328 to 439 K for
the second stage, as well as water fractions ranging from 0.11 to 1 in the
first stage and from 0.57 to 1 in the second stage. The wide range of
parameters ensures that at least some overlap with those plausible in
natural systems. This result has several implications:

1) Our data and two-stage modelling generally favor the low-5'%0
values for Precambrian seawater (Kasting et al., 2006; Jaffrés et al.,
2007).

2) Alteration of basalt by a water whose composition previously was
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shifted during interaction with a compositionally similar basalt has little
effect on the overall 580 and A’'70 range of possible resulting rock
compositions.

3) The most 70 depleted and enriched rocks cannot be produced by
interaction with a single and constant seawater composition. In other
words, the fields of seawater composition in Fig. 9b and d (high and low
A'Y70 respectively) do not overlap. This implies that the waters that
formed low- and high-A’!”0 rocks had different compositions in A’170,
resulting from the described processes of shifting and mixing.

5.4.3. Interaction with overlying chemical sediments
Metasediments such as BIF and quartz-rich detrital sediments, are
commonly found in association with the metavolcanic rocks in the SHC
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(e.g., Fig. 2a). Therefore, the low-A’170 water that we infer as necessary
in our models, may simply be explained by an isotopic shift caused by
previous interaction with overlying sediments (carbonates or silica-rich
chemical metasedimentary rocks; Fig. 2) (Wasilewski et al., 2019). To
assess the possible effects of seawater interaction with sediments, we
repeated the calculations described previously using hypothetical cherts
(100 wt% SiO3), carbonate (100 wt% CaCOs3) and actual Nulliak meta-
sediments. The initial isotopic compositions corresponding to equilib-
rium with water at 30 °C were assigned as follows: 5180 = 36.4 %o and
A0 = —0.125 %o for cherts, 530 = 27.7 %o and A*'70 = —0.079 %o for
carbonate, and 5180 = 17.85 %o and A’170 = —0.078 %o for metasedi-
mentary rocks. Calculations using water that has previously reacted with
cherts and carbonate are capable of producing both high- and low-A’170
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values from a very wide range of water composition, including modern
seawater for cherts and slightly depleted seawater (—1 %o) for carbon-
ates (Fig. 10a-f). The SHC detrital sediments provided a more restricted
field, with 5’180 < —6 %o being able to explain the whole range of
observed compositions, including the lowest measured isotopic com-
positions (Fig. 10g-i).

5.5. Comparison with other >3.7 Ga altered basalts

The only other set of Eoarchean, and perhaps Hadean, volcanic rocks
ever analyzed for triple oxygen is from the 4.3-3.8 Nuvvuagittuq
greenstone belt in Canada (Bindeman and O’Neil, 2022). Unlike the
rocks from the SHC, the Nuvvuagittuq rocks did not yield A’170 values
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lower than those of the mantle (Fig. 4), hence, can be explained by our
one-stage equilibrium fractionation and/or mixing model between
modern seawater and basalt with mantle-like isotopic compositions
(Fig. 6a). Our two-stage model Monte-Carlo simulation demonstrates
that seawater with 5180 = —5 % can also adequately explain rocks with
both mantle-like and elevated A0 values (Fig. 8a). Therefore, while
the measurements reported in (Bindeman and O’Neil, 2022) do not
necessarily require low-A’'70 Eoarchean seawaters, they also do not
contradict their possible existence.
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5.6. Implication for using hydrothermally-altered rocks as proxies into
seawater 580 values

Our modelling resulting from the isotopic compositions of the SHC
oceanic section is supportive of moderately depleted Eoarchean
seawater with 8180 ~ —7.5 %o (=5 to —10 %o). However, the detailed
investigation of the oceanic crustal section of the SHC suggests that
altered oceanic rocks also record a complex exchange history between
overlying and intercalated chemical sediments and seawater entering
the hydrothermal system affecting the basaltic rocks. More broadly,
given the described mechanics of seawater-rock interaction enabled by
considering triple O isotopes, the modelling indicates the critical
importance of “shifted” waters in explaining compositions observed in
the rock record at any age. Although our models do not consider any
reactive-transport isotope exchange and only account for equilibrium
exchange and water shifting and mixing, it reflects the isotope record of
shallow oceanic rocks. Potentially these models would favor “weak”
seawater-oceanic crust coupling constrained independently by 2D re-
action transport modelling (Kanzaki, 2020; Kanzaki and Bindeman,
2022), and may have preference over models that consider full-
coupling. (In this context, “weak” seawater-oceanic crust coupling re-
fers to a limited exchange of oxygen isotopes between seawater and
oceanic crust. Conversely, “strong” coupling indicates a near-complete
exchange of oxygen isotopes). Interaction with seawater at mid-ocean
ridges is assumed to account for 80 % or more of total oxygen 17 and
18 fluxes into the oceans (Wallmann, 2001), while Kanzaki and Binde-
man (2022) model generates shifted waters via examining kinetics of
water-rock interaction in 2D. Our study does not involve kinetics of
oxygen isotope exchange of water-rock interaction but instead utilizes a
combination of equilibrium fractionations of triple oxygen isotopes and
fluid mixing.

If the role of water-rock interaction at mid-ocean ridges is indeed
much less important than previously thought because of the early
interaction of seawater with both chemical sediments and top layers of
basaltic crust, then 1) the ability of ophiolite sequences to record the
seawater isotopic composition is diminished, as we demonstrate by the
associated water shifts that permit a wide range of input, and 2) isotopic
impact provided by seawater-rock interaction is also reduced in esti-
mating global %0 and 70O mass fluxed from the mantle to the hydro-
sphere. Furthermore, if the overall role of mid-ocean ridge-water
interaction on O isotopes is significantly diminished, then weathering
(the second most important flux into the ocean) becomes much more
important in controlling the 5'%0 value of the standing hydrosphere.
Thus, low- %0 Archean oceans are possible without supposing sub-
stantially different extent of mid-ocean ridge-water interaction that
would contradict rates of plate tectonics (Holland, 1984).

6. Conclusions

1. We found high and low-5'80 (4.6 to 8.6 %o) and A’70 (—0.08 to
—0.02 %o) values in Eoarchean metabasalts from the Saglek-Hebron
Complex.

2. Significant number of the Saglek-Hebron metabasalts yielded
A’Y70 values lower than those of the mantle that cannot be explained by
direct (one-stage) interaction with seawater with modern-like compo-
sitions. A two-stage water-rock interaction model accounts for the low
A’'Y70 compositions assuming ocean water with 8 180 less then —8 %o at
A’Y70 > 0 %o. Such water compositions are similar to some compositions
previously proposed for early Archean seawater.

3. The coexistence of both high- and low-A’170 metabasalts in the
Saglek-Hebron Complex can only be explained by additional interaction
with spatially intercalated sedimentary rocks. Thus, our modelling
suggests that hydrothermally altered sections of exposed oceanic crust
record complex interaction upstream, including one- and two-stage
water and rock compositional shifts in 180 and A’'70, and interac-
tion with exposed chemical sediment-derived waters on top of the
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oceanic crust.

4. Our modelling reveals the critical importance of two-stage “shif-
ted” waters in explaining the submarine rock isotopic record and the role
of overlying chemical sediments in explaining their 580 and A’170
systematics. Without proper modelling of water-rock interaction,
involving isotopic shifts and mixing of such waters, exposed sections of
altered oceanic crust present only remote evidence of the original
seawater.

5. Due to these isotopic shifts and fluid mixing, we favor “weak”
seawater-oceanic crust coupling in explaining isotopic record in sub-
marine basalts across the geological history. This potentially diminishes
the relative role of submarine hydrothermal alteration in favor of sur-
face weathering in explaining global 820 fluxes in and out of the
oceans, permitting both low-5"80 Archean oceans and their wide os-
cillations throughout history.
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