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Abstract

The origin, evolution, and the state of Earth’s hydrosphere is relevant for the timing, style and
intensity of plate tectonics, continental and submarine weathering, emergence of continents from
seawater. The temperature of the ancient oceans bears on the origin and evolution of the earliest
life forms. We here present a study of triple oxygen isotopes of hydrothermally altered oceanic
crust from the Nuvvuagittuq greenstone belt (NGB) in Canada (4.3-3.8Ga), which provides a
rare snapshot of the Earth’s earliest hydrosphere on a planet without modern-style plate
tectonics. High isotopic (8'%0 = 8-12%o, A'70=-0.02 to -0.05%o, and 8D of -30-40%o) values
measured in the NGB metavolcanic rocks indicate that they represent upper section of oceanic
crust (pillows, sediments) altered at low-temperature by seawater similar to modern submarine
oceanic sections, lower portion (dikes, gabbro) is not exposed. The hydrothermal process was
accompanied by silicification at low temperature (50-150°C) as is evidenced by elevated A'’O
values and triple oxygen isotope thermometry. We discuss effects of 2.7 Ga metamorphism on
preservation of triple oxygen isotopes and show that the hydrothermal alteration is protolithic
and predating metamorphism. Triple oxygen isotopes allow reconstruction of isotopic
compositions of seawater and suggest that §'30 of early oceans could have been comparable to
modern but silica-saturated. The +3%o and <-5%o 8'30 seawater would result in worse fit to the
data. The role of submarine weathering and hydrothermal silicification could have played a more

important role in EoArchean world with subdued role of subaerial weathering due to
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insignificant continental exposure that helped balancing seawater 5'%0 values to near modern.

[258 words]

Introduction

The temperature, volume, and composition of the early hydrosphere soon after formation
of the Earth bears on the evolution of the planet and life [Holland, 1984, Valley et al. 2002;
Harrison, 2020]. Past efforts to better understand the composition and characteristics of the
ancient hydrosphere used oxygen, silicon, and hydrogen isotopic compositions of preserved
proxies such as (bio)chemical marine sedimentary archives [Knauth and Lowe, 2003; Shields
and Veizer, 2002; Andrée et al. 2019; Pope et al. 2012] and hydrothermally altered-rocks
[Bowers and Taylor, 1985; Muehlenbachs, 1998; Zakharov and Bindeman, 2019; Herwartz,
2021; Zakharov et al. 2021a; Johnson and Wing, 2020], with recent application of triple O
isotopes [Sengupta and Pack, 2018; Bindeman, 2021; Liljestrand et al. 2020].

As oxygen is the most abundant element on and most important stable isotopic tracer on
Earth, the interactions between major reservoirs of oxygen such as the lithosphere and
hydrosphere, ultimately relate plate tectonics, continental weathering, and ocean temperatures s
[Holland, 1984; Zakharov and Bindeman, 2019]. The temporal increase of 3'%0 in sedimentary
proxies is one of the puzzles of modern geoscience and the subject of a 50-year long and still
unresolved debate [Perry, 1967; Muehlenbachs and Clayton, 1976; Knauth and Lowe, 2003;
Shields and Veizer, 2002; Johnson and Wing, 2020; Bindeman, 2021]. The reliability of lower
8'80 values of early sedimentary archives are commonly put into question due to effects of late
diagenetic/secondary alteration by subsequent low-8'80 waters (Kasting et al. 2006; Liljestrand
et al. 2020). However, taken together, carbonates, cherts, and shales all demonstrate a temporal
increase in 8'%0 values by 10 to 15%o, unlikely to reflect the same level of secondary decrease in
isotopic composition, without indicating at least in part, a true secular increasing trend of
contemporaneous seawater. This trend is either reflecting that the hydrosphere became
isotopically heavier while Earth’s surface temperatures stayed comparable to modern [Shields
and Veizer, 2002], or it alternatively is reflecting a temporal change from hotter temperatures on
the early Earth, to colder conditions [Perry, 1967; Knauth and Lowe, 2003], leading to increasing
isotopic fractionations A'®Oproxy-water (T) with decreasing temperature while keeping 3'30 values

of seawater constant.
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One group of researchers suggest that the considerable by 10-15%o change in 3'30 of
seawater seems highly improbable given that §'8Oseawater is globally balanced on timescales of
107 to 10® years by high and low-temperature planetary fluxes [Holland, 1984; Muehlenbachs,
1998; Kasting et al. 2006], such as submarine hydrothermal alteration, and surface weathering
[Shields and Veizer, 2002; Muehlenbachs, 1998; Pope et al, 2012]. Supporting this hypothesis is
the relatively constant 'O values recorded in ophiolites and sections of altered oceanic crust
through time. These are generally interpreted to reflect relatively constant §'30 isotopic
compositions of seawater (Muehlenbachs and Clayton, 1976; Muehlenbachs, 1998). However,
estimates of the magnitude of these fluxes, as well as their variations during different climate and
supercontinent cycles, are poorly constrained and vary up to twofold, at best [e.g. Clayton and
Muehlenbachs, 1976 vs. Holland, 1984]. Perhaps more importantly, the extent of coupling of
isotope exchanges during water-rock interaction has only been recently studied [Kasting et al.
2006; Kanzaki, 2020a,b]. For example, an application of 2D model with decoupled water-rock
interaction allows for a significantly reduced hydrothermal exchange at mid-ocean ridges
[Kanzaki, 2020a,b] relaxing 8'30 flux constrains provided by ophiolite record.

It is particularly interesting to investigate stable isotopic compositions in the Archean and
early Proterozoic during a time when the Earth’s geodynamics may have differed from modern-
style plate tectonics [e.g. Stern et al. 2018; Bédard, 2018]. For example, a smaller proportion of
subaerially exposed crust may have been available for weathering [Bindeman et al. 2018] and
submarine weathering could have played a more important role in the overall elemental and
isotopic balance on the early Earth [Kasting et al. 2006; Farahat et al. 2017; Coogan and Gillis,
201]. Both low and high-T alteration is observed in the Archean oceanic crust, similar to modern
[Hoffman et al. 1986] but their relative role may be different.

We here present the first stable isotopic investigation of the world’s earliest exposed
mafic crust from the Nuvvuagittuq greenstone belt (NGB), in the northeastern Superior Province
in Canada (Fig. 1). Variations in '*>Nd isotopic compositions in the NGB metavolcanic rocks
have been interpreted as reflective of a Hadean age of 4.3 Ga, which would make them the oldest
rocks preserved on Earth [O’Neil et al. 2008; 2012]. Although its exact age is still debated (see
[O’Neil et al. 2019] for review), the NGB it is at least 3.75 Ga [Cates et al. 2007], making these
metavolcanic rocks contemporaneous or older than the rocks from the Isua supracrustal belt in

Greenland, which have been used to constrain the composition of Earth’s early oceans (Pope et
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al. 2012). The NGB rocks provide a rare opportunity to investigate the seawater-rock interactions
in the earliest oceanic crust and infer the composition of ancient seawater, as well as the first

constraints from stable isotopes on potentially Hadean crust.

Geology of the Nuvvuagittuq greenstone belt

The map of the NGB is provide in Fig. 1. The dominant lithology of the NGB, called the
Ujaraaluk unit, is composed of metabasaltic rocks interpreted to represent a section of early
mafic crust formed in a submarine environment (e.g. [O’Neil et al. 2019]). A Hadean age for the
Ujaraaluk rocks has been proposed based on the wide range of '¥’Nd/'**Nd ratios they exhibit
(O’Neil et al., 2008). Since 4°Nd is the decay product of '**Sm, which has a short half-life of
103 Myrs, variations in **Nd/'**Nd can only be produced by Sm-Nd fractionation prior to 4 Ga.
The correlation between '*?Nd/!**Nd and Sm/Nd ratios displayed by the Ujaraaluk rocks is
consistent with an age of 4.3 Ga, which would make them the only known rocks formed during
the Hadean (O’Neil et al., 2008; 2012). This age has however been challenged based on the
oldest U-Pb zircon ages of ~3.8 Ga from rare quartz-rich zircon-bearing rocks within the NGB
(Cates et al., 2013). The origin of these quartz-rich rocks and their relationship to the Ujaraaluk
unit is however unclear and some authors have proposed that they only provide a minimum age
for the NGB metavolcanic rocks rather than their formation age (Darling et al., 2013).
Nevertheless, zircon ages from intruding felsic rocks, suggest the NGB is at least 3.75 Ga (e.g.
Cates and Mojzsis, 2007).

The NBG metavolcanic rocks locally preserves pillow lava structures (Fig. 2), consistent
with formation on the seafloor, and the fine compositional layering observed in the Ujaraaluk
unit has been interpreted to be reflective of submarine volcanic deposition (O’Neil et al., 2011).
The NGB mafic metavolcanic Ujaraaluk rocks also includes laterally continuous chemogenic
sedimentary rocks such as banded iron formations, cherts, and silica-rich formations (Fig. 1),
typical for silica saturated seawater in the Archean (Andree et al. 2019) and early Proterozoic
seafloor settings. The low AlO3 and TiO; concentrations, as well as the seawater-like REE+Y
profiles of the NGB chemical sedimentary rocks is consistent with deposition in a relatively

detritus-free marine setting (Mloszewska et al., 2012).
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Fig. 2 Field photograph of preserved
deformed pillow lavas in the Ujaraaluk
unit, with differential erosion highlighting

the selvages of the single pillows.

The NGB Ujaraaluk metavolcanic rocks mainly consist of cummingtonite + quartz + biotite +
plagioclase &+ garnet amphibolites. The unit is divided into high-Ti and low-Ti geochemical
groups, the latter being further subdivided into depleted low-Ti and enriched low-Ti Ujaraaluk
amphibolites, based on relative concentrations in incompatible trace elements. The three groups
show distinct Al/Ti ratios, consistent with derivation from mantle sources exhibiting variable
degrees of depletion (O’Neil et al. 2011). The Ujaraaluk geochemical groups also follow a
chemostratigraphy in the NGB, reminiscent of subduction initiation settings [Turner et al., 2014;
O’Neil et al., 2019]. The base of the volcanic sequence is composed of the high-Ti Ujaraaluk
rocks that follow a tholeiitic differentiation trend. The high-Ti Ujaraaluk rocks are superimposed
by the chemical sedimentary rocks, followed by the depleted low-Ti Ujaraaluk rocks with
boninitic geochemical affinities, and the enriched low-Ti Ujaraaluk at the top of the sequence,
which compositionally resembles calc-alkaline lavas (O’Neil et al. 2011). The Ujaraaluk unit
locally comprises a cordierite-anthopyllite assemblage, which exhibits low Ca and high Mg
contents, interpreted to reflect hydrothermal alteration of mafic crust, similar to what is observed
in volcanogenic massive sulfide deposit environments, consistent with a seafloor setting (O’Neil
et al., 2019). The NGB includes ultramafic rocks occurring as discontinuous body, mainly
composed of serpentine + talc + tremolite + hornblende + chromite. Their whole-rock
composition is mainly controlled by olivine fractionation and interpreted to be cogenetic
ultramafic cumulates that fractionated from the mafic Ujaraaluk liquids (O’Neil et al. 2007;

2019). The NGB ultramafic rocks are divided into the same geochemical groups as the Ujaraaluk
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mafic suite, displaying the same distinct Al/Ti ratios and following the same chemostratigraphy
within the NGB. The metavolcanic rocks are intruded by a series of gabbroic sills (Fig. 1)
interpreted to have been emplaced at different times in the NGB. Large >100 m. wide sills that
can be continuously traced over 2 km along strike display gneissic textures and yielded a ~4.1
Ga Sm-Nd isochron age (O’Neil et al., 2012), while smaller coarse-grained gabboic bodies are
interpreted to have intruded the NGB at ~2.7 Ga (David et al., 2009) and represent the youngest
known magmatic episode in NGB. Garnet Sm-Nd ages from the NGB suggest it was
metamorphosed at ~2.7 Ga (O’Neil et al., 2012) up to amphibolite facies (O’Neil et al., 2007;
Cates et al., 2009), likely during the Neoarchean regional metamorphism of the northeastern
Superior Province (e.g. Percical et al., 2012). Despite evidence that some elements may have
been mobilized during post-magmatic processes, the whole-rock composition of the Ujaraaluk
unit appears to have not been significantly affected by metamorphism (O’Neil et al., 2011). For
example, a number of Ujaraaluk rocks display low CaO contents inconsistent with a primary
igneous composition, but have been interpreted to reflect alteration of the igneous protolith of
these rocks prior to metamorphism (O’Neil et al., 2011). Furthermore, the Earth’s earliest
fossilized microorganisms have been described in least metamorphosed sedimentary jaspers
[Dodd et al. 2017] within the NGB suite, as well as the original organic graphite, although the

latter is controversial [Papineau et al. 2011].

Methods

Analytical methods. We here report isotopic analyses on all major rock types of the NGB,
including samples from the Ujaraaluk unit, the ultramafic rocks, the chemical sedimentary rocks,
the gabbroic intrusions and the surrounding felsic plutonic rocks. Data is presented in Table 1.
All stable isotope analyses were performed at the University of Oregon Stable Isotope Lab,
whole-rock chemical data are from O’Neil et al. [2011; 2019]. Oxygen isotope measurements for
8'80 relied on 1 to 1.5 mg of material, predominantly single chunks of amphibole and were
performed by laser fluorination and gas-source mass spectrometry (MAT253). We used purified
BrFs as a reagent and Hg diffusion pump to clean the excess of F» gas, then converted purified
O: into CO; and analyzed it in a dual inlet mode on the MAT253 mass spectrometer, integrated
with the vacuum line, as this method is most precise for §'30 determination (e.g. [Bindeman,

2008]). Samples yields were measured in a calibrated volume using a Baratron gauge. San Carlos
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Olivine (8'8%0=5.25%0, UWG?2 garnet, 5.80%o [Valley et al. 1995] and an in-door UOG garnet
standard calibrated relative to the other two (8'¥0=6.52%0) were used to calibrate the data on
VSMOW scale. Each session included analyses of 4 to 6 standards, and correction for day-to-day
variability was 0 to 0.2%o. Standard CO> gas was used as a working standard and periodically
rerun against OZTECH CO; gas. Errors for standards in individual sessions ranged from +0 to
+0.11%o0 and on average was better than +0.08%o. Samples from sessions with low yields were
rerun using an airlock sample chamber. Yields were in the 11-16 umols/mg range and
demonstrated no correlation with §!80. Coexisting garnets were also analyzed in six samples and
yielded values comparable to amphiboles or whole-rock samples. Garnet has A0 gamet-whole rock
=0+0.5%o fractionation for metabasaltic compositions (e.g. Bindeman and Serebryakov, 2011).

For triple oxygen isotope analyses generated gas was run as O: in sessions with SCO
standard (A''7O = -0.052%o, [Miller et al. 2020] and utilized a triple O continuous flow line
constructed for precise triple O isotopes measurements [Bindeman et al. 2018]. The generated O>
gas was put through a 8 ft long gas chromatographic column at room temperature for its
purification from NFx compounds. Generated gases were additionally frozen on a SA zeolite and
then released into the bellow of the mass spectrometer by LN2-ethanol mix over 10 min. GC and
zeolite traps were degassed with flowing He at 200°C for 15-20 min between each sample. The
purified Oz gas was run 4-10 times for 8 cycles in a dual inlet mode, against a oxygen standard
gas well calibrated relative to VSMOW at the University of Washington on a MAT253 isotope
ratio mass spectrometer. Precision of A''7O is around +0.01%o (Table 2).

Hydrogen isotopes and water concentrations were measured using a high temperature
conversion elemental analyzer (TC/EA with glassy carbon) held at 1450°C and integrated with
the same MAT 253 mass spectrometer. Biotite, cummingtonite, hornblende and whole-rock
samples dominated by anthophyllite, were wrapped up in Ag foil using the 53-150 um size
fraction. 1 to 4 mg of samples were precisely weighed using a Costech 6-digit balance were
degassed at 130°C in a vacuum overnight oven prior to loading into TCEA carousel to remove
any absorbed water. Analyses of the unknowns were interspersed with solid standards.

Standards were USGS57 (biotite) and USGS58 (muscovite; Qi et al., 2017) and water (VSMOW,
Lake Louise) welded in Ag caps (Qi et al., 2010). During analysis, released water is
instantaneously converted to H> and CO gas by a pyrolysis reaction with the glassy carbon, and

reaction products were passed through a gas chromatographic column using He as a carrier gas,



227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256

followed by CONFLOW open split, then analysis on MAT253 against the reference gas of
known composition. Each session was calibrated by H3 factor determined in the beginning of
each session. Hydrogen isotopes and total H>O were determined from the yields of H» by
comparison to standards of known weight. Precision of H>O content is +0.02-0.04 wt% and

within 1-3%o for dD.

Isotopic notations and fractionation equations. In addition to conventionally defined
880 and 6'0 values as (Rsample/Rvsmow -1)*1000 where R is '*0/'°O and '70/!'°0 ratios in
samples and VSMOW water standard [Sharp, 2017], we used primed notations of 'O and
8'"70.
Primed, or linearized 6 values are expressed as [Miller et al. 2020]:

88170 = 1000In(8'%170/1000+1) [1]
They are not significantly different numerically from conventionally defined &'s (typically by
0.0X%o), but the transformation using the logarithmic scale allows for simple algebra when
relating isotope fractionations 1000Inc'® and A''®0 values. In primed coordinates:

A" Oproxy-water (T) = 8" Oproxy - 8'"*Osw (2]
Similar equation holds for '’O. Equation [2] relates measured and linearized §''*0 and 87O
values with temperature-dependent fractionation factors.

1000Inc!® proxy-water (T) = Aqgoproxy-water (T) [3]

Estimation the §''®Qsy value of seawater based on the §''®0 value of the solid proxy that
interacted with it and reached equilibrium is:

8"80sy = 8'180proxy 'AVISOPTOX}"Water (T) [4]

The linearized notations allow the A"7O (triple O) to be expressed as:

A0 = §'70 - 0.528¢8"80 [5]

which measures deviation from a mass dependent fractionation line with a reference slope. Many
terrestrial processes occurring at low and medium temperatures follow a slope of 0.528

(Schauble and Young, 2021), which we adopted here. The highest temperature natural processes



257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286

follow a slope of 0.5305, which used in many other publications. Isotopic fractionations of 'O as
a function of temperature is recast using A''’O of water and solid proxy as:

AA'”O proxy-water (T) = A'”Oproxy = A'”Owater [6]

This paper builds upon the recent application of 87O alongside 8'30. The A''7O and §'70
values have their own independent fractionation equations [Sharp et al. 2016; Sengupta and
Pack, 2018; Bindeman, 2021], potentially allowing for independent resolution of the effects of
temperature and isotopic values of the ancient seawater, which is the main goal of this study.
For quartz, we used A"®Oguartz-water (T) and AA"7O quartz-water (T) fractionation equations from
Sharp et al. (2016). For basalt-water we used A'"'®Opasait-water (T) fractionation equation from Zhao
and Zheng (2003), but for the AA"7O pasait-water (T) we used the following semi-empirical
equation:

AA"O basalt-water = 62100 x> + 17138 x2 - 11.88 x [7]
where x is 1/T, K-'. When A'7O is plotted vs. 8''80 for basalt, the curve is comparable in shape
to quartz, but shorter long the 8''%0 axis because basalt-water fractionation is smaller by ~15%o
compared to quartz-water. The A'7O is shifted down relative to the quartz-water fractionation

curve, as measured and computed for Fe-Mg-rich minerals and micas (Bindeman et al. 2018;

Schauble and Young, 2021).

Results

Stable isotopes and compositional trends

Sample description and obtained stable isotopic values are presented in Table 1; 5'%0
values for the metavolcanic samples are plotted on Fig. 1. The main result of the present study is
the discovery of high 5'0 (8-16%o), A''7O (-0.02 to -0.05%o) and 8D (-30-40%o) values in most
samples from the Ujaraaluk metavolcanic rocks (Fig. 3; Table 1). A combination of 5'%0 and
recently developed novel A''7O parameter (Fig. 4-5) allows us to resolve a range of temperatures
of interaction as well as to estimate the isotopic compositions of the fluids involved. The
measured 5'%0 values in metabasalts range between 6 to 12%o and are higher than the mantle
value. This range of 8'0 values is typical of low-temperature (~<150°C) alteration products

observed in the shallow portion of modern oceanic crust (pillow lavas and sediments) obtained

10
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from drillcores, as well as exposed modern seafloor sections or exposed Phanerozoic settings
[Alt and Teagle, 2000; Bowers and Taylor, 1985; Alt, 2012; Caro et al. 2017].

No difference is observed between the Ujaraaluk rocks at the base or at the top of the volcano-
sedimentary succession, while higher 8'30 values of up to +16%o are found in the chemical
sedimentary rocks, stratigraphically between the high and low-Ti Ujaraaluk rocks. Despite
regional sampling of the NGB, we do not observe an equivalent of the low-8'%0 zone, indicative
of the higher temperature alteration that commonly characterizes the lower part of Phanerozoic
and older ophiolites [Alt and Teagle, 2000; Gregory and Taylor, 1981; Zakharov and Bindeman,
2019], consistent with the absence of sheeted dikes at NGB. The lower 8'0 values measured in
the ultramafic cumulates (5.6 to 6.6%o), are similar to the isotopic compositions of modern
MORB and boninite glasses [Eiler, 2001; Coulthard et al. 2020; Miller et al. 2020]. Additionally,
the 2.7 Ga gabbroic sills intruding the NGB display mantle-like §'30 values around 5.7%o (Table
1, Fig. 3). This signifies that the Neoarchean metamorphism did not result in redistribution of
oxygen and implies that NGB rocks preserve protolithic high 3'®0 values, predating the regional
metamorphism.

We observe no spatial relationship in the field or difference in 6'%0 values between the
different geochemical groups of Ujaraaluk rocks (Fig. 1-3b-4, S1-S2). Since the distinct
ALO3/TiO; ratios of the Ujaraaluk geochemical groups is believed to reflect variable degrees of
depletion of their source, this suggests that the stable isotopic ranges are not inherited from the
mantle source, but rather the result of post-emplacement hydrothermal alteration that affected all

NGB geochemical groups without preference.

Compositional trends, temperature of water-rock interaction

The NGB rocks display a strong correlation between 8!80yock and silica content (Fig. 4)
and more scattered negative correlations with MgO and FeO concentrations (Fig. S1). The most
straightforward explanation of the silica-8!80yock correlation is simple addition of silica to
variously hydrothermally altered rocks at 100-200°C, as is illustrated on Fig. 4-5. However, the

whole range of alteration cannot solely be explained by mechanical addition of silica.

11
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Fig. 4 "0 vs SiO, diagrams for the NGB Ujalaaluk rocks (blue symbols), a) full SiO, range of all
analyzed lithologies, b) zoomed in range (see Table 1 for data) focusing on the Ujaraaluk samples.

Modern boninite suite from [Coulthard et al. 2020] is shown for comparison, as some NGB rocks are

analogous to boninites [O’Neil et al., 2011; Turner et al. 2014]. Igneous differentiation of MORB basalts

would result in negligible increase of §'*0 values (by 0.1-0.2%o; [Eiler, 2001]) as is also exemplified by
the boninite suite. Low temperature (<150°C) alteration can account for the range and increase in §'*O
values observed in the NGB rocks, while addition of chemogenically-precipitated SiO; can also explain

the positive correlation with SiO,. Ca-depleted are cordierite-anthophyllite rocks, are interpreted to have
lost most Ca due to hydrothermal alteration [O’Neil et al., 2019].
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For example, rocks with SiO content as low as 44 wt%, unlikely to have been affected
by silica addition, extend to 8'8Oyock values up to 8%o (Fig. 4). Likewise, at any given SiO;
content, variation in 8'%0 values of 3-5%o, suggesting a shift in oxygen isotope compositions
without silica addition. There is no trend of increasing -8'30rock When approaching chemogenic
silica formation (Fig. 1, S2).

Isotopic fractionations (A0 = §'80yock - 8'80sw) greater than ~6-7%o between 0%o
modern seawater (or -0.75%o pre-glacial seawater) and 5.7%o mantle-derived basalts persist at
temperatures lower than ~200°C, but in order to generate 8'3Orock 0f 12%o0, temperatures no
higher than ~90°C are required [Zhao and Zheng, 2003]. The high §!80rc values measured in
the NGB submarine rocks thus resulted from low-temperature hydrothermal alteration.

The 8'80yock values of 8.5%o measured in rocks that have not undergone silica addition (samples
with <45 wt% Si0;), would permit higher hydrothermal interaction temperatures of up to 140°C.
The addition of hydrothermal silica with relatively high 5'0 values to rocks showing minimal
hydrothermal alteration may represent another endmember process that contributed to the overall
range of 8'30 values measured in the NGB rocks. As silica shows the largest isotopic
fractionation with water in nature, its low temperature precipitation yields the highest §'30
values measured in terrestrial rocks [e.g., Eiler, 2001; Sharp et al. 2016]. This process would
require temperatures of 150°C or less (Fig. 4). Therefore, in order to account for the range of
8180 values up to 12%o of the NGB rocks and the strong correlation with SiO», two related
processes must operate together: 1) typical low-temperature alteration of basaltic crust, which
may include formation of clays and carbonates as alteration products [Alt and Teagle, 2000; Alt,

2003] and 2) direct addition of hydrothermal silica precipitated from seawater.

Triple Oxygen isotopes

To further illustrate and resolve the effects of hydrothermal alteration and addition of
silica, we investigated triple oxygen isotope of the metavolvanic rocks and their garnet separates,
as well as coeval sedimentary silica, covering the full range of 5'%0 and SiO; spectra.
Furthermore, consideration of A'O allows to obtain better temperature estimations, and to
separate the effects of silica addition from low-temperature hydrothermal alteration (Fig. 5). If

the addition of silica is taken as the predominant mechanism affecting the 5'*0 and A'7O values
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of the rocks, water-rock interaction temperatures would be between 125°C and 225°C. Overall,
Fig. 5 shows that the entire NGB rock suite can be explained by a mixture between the alteration
products with chemical sediments and unaltered mantle-derived basalts (yellow triangular field
in Fig. 5). The data is consistent with low to medium-temperature hydrothermal alteration
environments, similar to modern-day pillow sections (Fig. 2) of submarine oceanic crust covered
by chemogenic oceanic sediments.

It is also noticeable that the data plot in proximity to computed modern seawater-oceanic
crust alteration curves (Fig. 5), suggesting that the results can be explained by the involvement
of seawater comparable in 5'*0 and A'7O to modern. Seawater with a lower 8'30 value of -5%o
(also computed here to account for higher A'70, as required for global mass balance of triple O
isotopes [Sengupta and Pack, 2018; Bindeman, 2021]), would result in lower temperature of
interaction and a worse overall fit of the data points (Fig. 6). §'30 values lower than -10%o for
seawater, often suggested for Precambrian seawater, based on sedimentary archives [Knauth and
Lowe, 2003; Shields et al., 2002], would result in improbable solutions in the case of the studied
NGB rocks.
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Fig. 5 Triple oxygen isotopes for the studied rocks compared to the A'"’0O-8"*0 Qz-water fractionation
curve [from Sharp et al., 2016] emanating from the modern ocean water, and basalt-seawater lines,
computed in this work. Notice that the NGB rocks plot between mixing lines connecting mantle-derived
rocks and seawater-equilibrated hydrothermally-altered component(s) at temperature of alteration
between >45°C and <150°C (yellow triangular field). Seafloor and subaerial weathering occurring at low
temperature would lead to much lower A''’O values and is not supported by the data. Concurrent
silicification trends produced by silica precipitated from seawater are shown by orange arrows extending
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Hydrogen isotopes

Hydrogen isotopic variations were measured in whole-rock Ujaraaluk samples (water is
predominantly concentrated in the hydrated minerals cummingtonite, hornblende, and
anthophyllite (e.g. O’Neil et al. 2011), and chloritzed biotite. Hydrogen isotopic analyses
yielded a surprisingly uniform and high range of 6D values, from -35 to -42%o (Fig. 7). In a
modern geological setting, 5D values around -30%o are characteristic of the higher isotopic end
of submarine hydrothermal greenschist alteration products (-20 to -50%o, Bowers and Taylor,
1985; Alt and Teagle, 2000; Zakharov and Bindeman, 2019; Stakes and O’Neil, 1982). The
temperatures for the alteration of the NGB metavolcanic rocks’ protolith, derived from the dD-
8'80 systematics (Fig. 7b), is consistent with 100-200°C similar to the temperature range
obtained from triple oxygen isotopes. While the preservation of relatively elevated oD values
measured in the NGB rocks metamorphosed to amphibolite facies should be taken with caution,
the hydrogen isotopic compositions seem to broadly support the main result obtained from the
major element oxygen, indicative of seafloor alteration processes. Secondary isotopic alteration,

weathering effects and 8D-6'%0 correlations would all result in lower 8D values, further

discussed in the Fig. 7 and in the Supplementary information.

Silicification Trends
In order to assess the possibility of silicification of basaltic rocks similar to the NGB

rocks, we have performed flush calculations when a seawater composition is equilibrated with
rocks at progressively greater water/rock ratios, using a hydrothermal program CHIM-XPT (Reed
et al. 2010). We used silica-saturated seawater as an input parameter because silica was likely
saturated in the Archean seawater prior to the advent of silica secreting organisms such as
diatoms [Andrée et al. 2019]. Runs from 25°C to 200°C were performed and included both
equilibrium calculation of seawater-basalt reaction at different water/rock ratios (Fig. 8), and
flush calculations in which dissolved amorphous silica was allowed to precipitate in pore space
at hydrothermal process thus increasing bulk rock SiO».

Equilibrium calculations resulted in a minor SiO; gain, changing SiO, composition of
whole-rock by ~1 wt%, but leaching Ca, as expected for hydrothermal processes (Fig. 8). The
flush calculations with precipitation of silica in the porespace result in quantitatively significant

gain of SiOz, which fills available porosity in a rock at hydrothermal conditions. The amount of
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precipitated silica is linearly proportional to water fluxed through the rocks, as well as the
amount of primary and secondary porosity, and water/rock ratio of 100 is sufficient to explain
observed silica gain. It is thus the second mechanism that is likely responsible for most
silicification processes observed in NGB rocks (Fig. 3), explaining their high §'80 values.

As hydrogen and oxygen isotopes typically change ahead of chemical and mineralogical
change during water-rock interaction, hydrothermal alteration with indicated amount of
silicification would achieve equilibrium with percolating hydrothermal fluid. Considering that
percolation of fluids is channelized (e.g. dual-porosity model, DePaolo et al. 2006) high
amplitude variations of water-rock ratio is expected. In other words strongly altered and
equilibrated areas fluxed by large amount of fluid will be next to minimally affected areas,

explaining range in §!80 values.

Discussion

The NGB represents a rare remnant of early oceanic crust and offers a unique window
into Earth’s earliest environments. We note that the least altered NGB rocks exhibit stable
isotopic compositions comparable to the modern mantle implying that the upper portion of the
Earth’s lithosphere may have preserved its 5'%0, A0 and 6D compositions at least since 3.8
Ga and perhaps 4.3 Ga. Because the NGB experienced a protracted thermal history after
hydrothermal alteration, high-grade metamorphism at 2.7 Ga, it is crucial to examine if/how
these post-magmatic processes may have affected the stable isotopes, to establish if they reflect
protolithic compositions. Previous work on hydrothermally altered rocks metamorphosed to
amphibolite facies from Karelia [Bindeman and Serebryakov, 2011], demonstrated conservation
of the world’s lowest 3'30, (-27.5%o) protolithic values, including the preservation of steep 5'%0
gradients. These values and gradients were initially generated by water-rock interaction at
variable water-rock ratios by ultra-low-6'0 glacial meltwater during the 2.4 and 2.3 Ga
Snowball Earth events.

Likewise, 3'%0 values of -11%o in ultrahigh pressure metamorphic coesite-bearing rocks
from Dabie Shan in China [Rumble and Yui, 1998, and hundred subsequent papers] are
interpreted as protolithic compositions, reflecting pre-metamorphic interaction with surface-
derived glacial meltwaters. As oxygen is a major element in silicate Earth, metamorphic

recrystallization of the NGB rocks’ primary crystalline assemblages likely resulted in only
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Fig. 7 Hydrogen-H,O and §'*0 correlation for NGB rock suite.

a) 8D — H,0 diagram comparing the NGB rocks and modern (Cenozoic) hydrothermally altered seafloor
products [Bowers and Taylor, 1985; Alt, 2003; Stakes and O’Neil, 1982; Alt and Teagle, 2003]. 6D
values of mantle and modern boninites are shown for comparison. Various isotopic shift trends from
known processes are represented with arrows [Valley, 1986; Bindeman and Serebryakov, 2010]. Notice
that an increase in water content in the NGB rocks is not accompanied by a decrease in 6D, suggesting
that it was caused by a fluid comparable to seawater during hydrothermal or metamorphic processes.
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There is no difference in dD values between coexisting anthophyllite, biotite and whole-rock, within the
same rock samples (Table 1).

b) 8D vs 8'%0 diagram for the NGB rocks and alteration end-members. Crosses represent whole-rock
values dominated by amphiboles, circles are chloritized biotite. Field for altered modern oceanic crust is
from [Stakes and O’Neil, 1982; Alt, 2012] and other sources. “Super” represents the average low-
temperature submarine alteration end-member from Alt (2003). RA is computed metamorphic
retrogression assemblage, which is generated by a mixture of chlorite and other micas with fractionation
factors shown on the figure. Note that metamorphism and retrogression did not result in a significant shift
in 8D, and the trends can be explained by 1) initial alteration by a seawater having D and §'*O values
comparable (or even slightly higher) than modern seawater, and 2) metamorphism and subsequent
retrogression which did not involve any external low-6D meteoric or magmatic fluids. Isua field is from

[Pope et al. 2012] for 3.8 Ga serpentinites from Greenland, interpreted to require lower 86D seawater at 3.8
Ga.

minimal isotopic changes in rocks (on mm to cm scale). Perhaps paradoxically, one can argue
that these crystalline metamorphic mineral assemblages lock the original surface oxygen into
refractory phases, preventing them from further isotopic exchange and preserving the original
protolithic composition throughout subsequent geologic and thermal history.

Hydrogen isotopes in Archean rocks were also used in prior studies to interpret early
environments [Pope et al. 2012; Zakharov and Bindeman, 2019]. Ultra-low &'30 rocks (-27.5%o)
from Karelia also exhibit the world’s lowest D values measured so far (-235%o, with scatter to
higher values) [Bindeman and Serebryakov, 2011]. The protolith of these rocks was flushed by
ultra-low-8'80 and thus ultra-low-6D glacial meltwaters, imprinting the water signature on the
rocks. Thus, hydrogen isotopes may play a reinforcing role to O isotopes in order to trace the

effects of water-rock interaction [Bowers and Taylor, 1985; Zakharov et al. 2021a].

Hydrogen isotopic values in the metamorphic NGB rocks need to be interpreted with
caution and direction of metamorphic and other change discussed first. However, only few
hydrogen isotope studies have been conducted on metamorphic rocks since the work of Valley
(1986) showing that hydrogen isotopes are expected to be more strongly affected by
metamorphism compared to oxygen as hydrogen is lost during devolatilization. First, during
metamorphic devolatilization, which removed water heavier in D, the original 6D values of the
hydrothermally-altered oceanic crust would shift to lighter isotopic composition (lower 6D
values), if the process were of Rayleigh-type (Valley, 1986) (Fig. 7). Second, fluxing by mantle-
derived “magmatic” waters (6D = -60 to -80%o) would also lower 8D values of these rocks.

Furthermore, if one argues that the Archean mantle was characterized by lower 6D (and since

21



512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541

lost more H» than HD to the outer space, as is suggested by Pope et al. 2012), then fluxing by
contemporaneous low-0D Archean mantle fluids would have had an even more dramatic effect
on the NGB rocks. Finally, low-temperature chloritization by modern-day high-altitude local
meteoric water (-150+20%o, waterisotopes.org) would generate a product that is still 60 to 90%o
lower in 8D (Suzuoki and Epstein, 1976). NGB rocks were recently exposed by glacial scouring
and samples were collected without any weathering features, so the effects of recent weathering
are likely minimal.

Given that the high 8D values of the NGB rocks are preserved, we suggest that the
hydrogen isotopic composition, at least partially, originates from the original submarine
hydrothermal alteration occurring at 4.3-3.8 Ga. Perhaps cumulative effects of metamorphic
water cycle carried near-zero isotopic shift. For example, Fig. 7 indicates that hydrothermal
alteration of the basaltic protolith, and subsequent retrogression/chloritization of the assemblage
at ~100-125°C is capable of explaining the data. The original dD values were redistributed and
perhaps homogenized during metamorphism, but it appears that NGB rocks were not affected by
a significant influx of external meteoric or magmatic fluids, all of which would have been lower
in 6D as we argued above.

Bounded to the debate about the age of the NGB metavolcanic rocks is the interpretation
that the hydrothermal alteration processes affecting the Ujaraaluk rocks carrying low *?Nd/'*Nd
ratios is an obstacle to their geochronological interpretation (e.g. Caro et al., 2017). Roth et al.
(2013) proposed that the variation in **Nd isotopic composition of the NGB rocks could be
explained by partial isotope equilibration based on a fluid-mineral isotope exchange model. The
new stable isotopic compositions obtained here can help better understand the post-magmatic
processes affecting the NGB rocks in order to assess if the radiogenic isotopic evidence used for
their geochronological interpretation was disturbed by hydrothermal fluids. Figure 8 shows that
the 6'%0 values for the Ujaraaluk samples do not correlate with their u'4’Nd values,
hydrothermal alteration processes that produced the high §'%0 values in most NGB samples and,
the Ujaraaluk samples showing the largest '4?Nd anomalies (u'**Nd = ~-14) display §'30 values
between 7 and 7.5%o while p!*>Nd = ~-10 has '30 values 0f +11.5%o. The lack of correlation
between 5'%0 and the p!*>Nd values implies that fluid-driven post-magmatic alteration is not

responsible for the variation in '**Nd/!**Nd observed in the NGB rocks, therefore strengthening
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the argument that this variation in '*?Nd/'*Nd ratios holds a geochronological meaning (O’Neil

et al., 2012; 2019).
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One of the main findings of this study is that the stable isotopic data that we obtained for
one of the world’s oldest, if not the oldest, section of oceanic crust require Hadean/Eoarchean
oceans to be comparable to modern oceans with respect to triple oxygen and hydrogen isotopes
(Figs. 3-7). Importantly, these values are also comparable to 2.4 Ga seawater inferred from
beautifully preserved pillow lavas and their intrapillow hydrothermal fills, from the Vetreny Belt
in Russia (Zakharov and Bindeman, 2019). These results depict a picture of constancy for
seawater over the geological times despite evidence from sedimentary archives suggesting
isotopically negative (down to 8'30 of -10 to -15%o) oceans showing a gradual increase of 3'%0
with decreasing age [Shields and Veizer, 2002].

The triple oxygen relations (Fig. S and 6) allow reconstruction of hydrothermal
temperature regime and seawater §'%0 values that may correspond to conditions in the early
Archean/Hadean ambient ocean. As isotopically positive oceans were suggested by Johnson and
Wing (2020), while discussion of isotopically negative oceans is a dominant theme of many
studies involving sedimentary proxies [Shields and Veizer, 2002]. Fig. 6 considers possibilities
of seawater 8'80 values changing from -5 to +3%o. Oceans with -5%o value would require lower
temperature of water-rock interaction and lower water-rock ratios. Oceans with +3%o would
indicate much hotter interaction between rocks and water. Additionally, quartz would not fit on

the quartz-water-equilibration curves, or under them. If diagenetic processes or secondary
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alteration were to affect triple O isotope values of seawater-precipitated silica (e.g. Liljestrand et

al. 2019; Hales et al. 2021), these processes would shift A''’O values under the curve, along a

straight line connecting equilibrium values with waters (by analogy with a discordia line on a

Concordia diagram for the U-Pb system). In this sense, -5%o to 0 %o water remain as possible

solutions, while +3%o0 water would violate silica-water equilibrium.

We also note that the obtained silica-water equilibration temperatures are ~50-100°C

higher than basalt-water equilibration temperatures. This may reflect that silica precipitation

followed a disequilibrium path, requiring a rapid temperature drop causing silica to precipitate in

open pore space (Fig. 9).
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Fig. 9. Effects of silica-saturated seawater interaction with NGB basalts. (a) Output of equilibrium water-
rock flushing computations showing mineralogical changes at different water-rock ratios and 10%
porosity. Graph credit to James Palandri using the CHIM-XPT program Reed et al. [2010]. (b)
compositional changes. Equilibrium flushing calculations without quartz precipitation resulting in
insignificant change in bulk chemistry at any porosity. Simple precipitation of dissolved amorphous silica
filling pore space is more efficient in increasing whole-rock SiO, content (orange curve labeled quartz in

a).

Thus, our study suggests that Hadean/Eoarchean oceans, which contain abundant
dissolved silica (in the absence of diatoms precipitation), contributed to the silicification of the
NGB rocks. Such process is known in a wide variety of Eoarchean rocks highlighting the
importance of syn-depositional hydrothermal activity for their origin (Hofmann and Bolhar,
2007; Zakharov et al. 2021).

More broadly, our study provides a reference point to the debate on the early tectonics
and the geodynamic mechanisms that would balance high-temperature and low-temperature
(subaerial and submarine weathering) geochemical processes that led to current global
hydrosphere at around 5'0 = -0.75%o. Low-temperature processes generate high-8'%0
lithospheric products and contribute low-8'80 fluxes to the hydrosphere, while high-temperature
alteration generates low-8'0 products and high-8'30 fluxes to the hydrosphere, to keep the §'30
of the hydrosphere approximately constant [Holland, 1984; Muehlenbachs, 1998]. Given the
boninitic affinities of some Ujaraaluk rocks [O’Neil et al. 2011; Turner et al., 2014], the
formation of the NGB could have involved subduction-initiation type environments, at least
short-lived and perhaps locally [O’Neil et al. 2016].

Alternatively, in the absence of modern-style plate tectonics and subduction (return
isotopic flux to the mantle), an early Earth dominated by plume tectonics with hotter mantle
[Bedard, 2018; Stern et al. 2018]. With little subaerially exposed crust available for weathering
(e.g. [Bindeman et al. 2018]), our results of relatively constant §!30 of seawater would then call
for more predominant role of low-temperature submarine hydrothermal alteration and submarine
weathering [Coogan and Gillis, 2018], as well as precipitation of silica from seawater, to
counterbalance the high-temperature ocean-lithosphere interaction (Hoffman et al. 1986). As the
high-temperature (lower-6'%0) domain typically found in sections of oceanic crust appears to be
missing from the NGB, one can speculate that due to higher geothermal gradient, and or

clogging of hydrologic pathways by secondary silica, as documented here, seawater was mostly
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circulating in the shallow portion of the oceanic crust. Thus, submarine weathering appears to

have played the dominant role in the early Earth oceanic crustal history.
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Figure Captions

Fig. 1 Simplified geological map of the Nuvvuagittuq greenstone belt from O’Neil et al. [2011].
Locations for the metabasaltic samples analyzed for this study are shown, with color and size of the

symbols corresponding to measured &'*Orock values.

Fig. 2 Field photograph of preserved deformed pillow lavas in the Ujaraaluk unit, with differential
erosion highlighting the selvages of the single pillows.

Fig. 3 a) Histogram of the §'*0 and v 8D values (inset) in the different rock types of the Nuvvuagittuq
greenstone belt and b) AL O3/TiO; ratios vs. 'O values for different compositional groups of Ujaraaluk

metabasalts. Data are presented in Table 1. MORB §'*0 and v 8D values are from Gregory and Taylor
(1981) and Dixon et al. (2017).

Fig. 4 "0 vs SiO, diagrams for the NGB Ujalaaluk rocks (blue symbols), a) full SiO, range of all
analyzed lithologies, b) zoomed in range (see Table 1 for data) focusing on the Ujaraaluk samples.
Modern boninite suite from [Coulthard et al. 2020] is shown for comparison, as some NGB rocks are
analogous to boninites [O’Neil et al., 2011; Turner et al. 2014]. Igneous differentiation of MORB basalts
would result in negligible increase of §'*0 values (by 0.1-0.2%o; [Eiler, 2001]) as is also exemplified by
the boninite suite. Low temperature (<150°C) alteration can account for the range and increase in §'*0
values observed in the NGB rocks, while addition of chemogenically-precipitated SiO; can also explain
the positive correlation with SiO,. Ca-depleted are cordierite-anthophyllite rocks, are interpreted to have

lost most Ca due to hydrothermal alteration [O’Neil et al., 2019].

Fig. 5 Triple oxygen isotopes for the studied rocks compared to the A'’0O-8"*0 Qz-water fractionation
curve [from Sharp et al., 2016] emanating from the modern ocean water, and basalt-seawater lines,
computed in this work. Notice that the NGB rocks plot between mixing lines connecting mantle-derived
rocks and seawater-equilibrated hydrothermally-altered component(s) at temperature of alteration
between >45°C and <150°C (yellow triangular field). Seafloor and subaerial weathering occurring at low
temperature would lead to much lower A''’O values and is not supported by the data. Concurrent
silicification trends produced by silica precipitated from seawater are shown by orange arrows extending

from the yellow triangular field.
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Fig. 6. Triple oxygen isotopic data (same data as in Fig. 5) but assuming different §'*O values of
seawater, ranging from -5 to +3%o. Change in §'*0 is accompanied by a change in A'’O along a blue line
with a slope of 0.521 [Bindeman, 2021]. Assuming a water value of -5%o would result in ~20° to 150°C
temperature of water-rock interaction and silicification, as well as lower water/rock ratios (illustrated on
green inset). Assuming seawater with a §'*0 value of +3%o would result in higher temperatures of
interaction (~80° to 400°C) and greater water-rock ratios for basalt-water interaction; in addition, quartz

samples would plot outside of realistic quartz-water equilibration curves.

Fig. 7 Hydrogen-H,O and §'*0 correlation for NGB rock suite.

a) 8D — H,0 diagram comparing the NGB rocks and modern (Cenozoic) hydrothermally altered seafloor
products [Bowers and Taylor, 1985; Alt, 2003; Stakes and O’Neil, 1982; Alt and Teagle, 2003]. 6D
values of mantle and modern boninites are shown for comparison. Various isotopic shift trends from
known processes are represented with arrows [Valley, 1986; Bindeman and Serebryakov, 2010]. Notice
that an increase in water content in the NGB rocks is not accompanied by a decrease in 8D, suggesting
that it was caused by a fluid comparable to seawater during hydrothermal or metamorphic processes.
There is no difference in dD values between coexisting anthophyllite, biotite and whole-rock, within the
same rock samples (Table 1).

b) 8D vs 8'%0 diagram for the NGB rocks and alteration end-members. Crosses represent whole-rock
values dominated by amphiboles, circles are chloritized biotite. Field for altered modern oceanic crust is
from [Stakes and O’Neil, 1982; Alt, 2012] and other sources. “Super” represents the average low-
temperature submarine alteration end-member from Alt (2003). RA is computed metamorphic
retrogression assemblage, which is generated by a mixture of chlorite and other micas with fractionation
factors shown on the figure. Note that metamorphism and retrogression did not result in a significant shift
in 8D, and the trends can be explained by 1) initial alteration by a seawater having D and §'*O values
comparable (or even slightly higher) than modern seawater, and 2) metamorphism and subsequent
retrogression which did not involve any external low-0D meteoric or magmatic fluids. Isua field is from
[Pope et al. 2012] for 3.8 Ga serpentinites from Greenland, interpreted to require lower 6D seawater at 3.8

Ga.

Fig. 8 u'**Nd vs. §'*0 values for the NGB Ujaraaluk metavolcanic rocks. No correlation between the
5'%0 and pn'*’Nd values suggests that the hydrothermal processes responsible for the variation in §'*0

values did not affect nor caused variation in '**Nd isotopic composition. '**Nd isotopic data from O’Neil

et al. (2012).
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Fig. 9. Effects of silica-saturated seawater interaction with NGB basalts. (a) Output of equilibrium water-
rock flushing computations showing mineralogical changes at different water-rock ratios and 10%
porosity. Graph credit to James Palandri using the CHIM-XPT program Reed et al. [2010]. (b)
compositional changes. Equilibrium flushing calculations without quartz precipitation resulting in
insignificant change in bulk chemistry at any porosity. Simple precipitation of dissolved amorphous silica

filling pore space is more efficient in increasing whole-rock SiO, content (orange curve labeled quartz in

a).
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916 SUPPLEMENTARY MATERIAL
917

918  Supplementary S1
919  Supplementary Table S1 with stable isotopic data and previously published
920 compositional data in Excel form
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927  Fig. S1 Compositional ranges in NGB suite display features of the original igneous protolith and masking
928  effects of both igneous fractionation and hydrothermal alteration. In particular, SiO, correlates with MgO
929  along a straight line indicative of mixing rather than differentiation, however modern boninites exhibit
930  comparable correlation in the lower part of the MgO spectrum. High-MgO samples can represent

931  cumulates (O’Neil et al. 2011). There are no statistically significant correlations of 8'*O or SiO, with any
932  other major or trace elements, or indices of alteration such as Alk/Al or CIA, and water concentration
933  suggesting that several processes are in operation including igneous differentiation of diverse magma
934  types and various extent of hydrothermal alteration, which complicated these trends.
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940  Fig. S2. Lack of correlation between §'80 and distance from silica formation and large central
941  gabbro body suggesting that hydrothermal alteration are independent of these.



