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Limited Archaean continental emergence reflected
in an early Archaean ®0-enriched ocean

Benjamin W. Johnson®"22 and Boswell A. Wing'

The origin and evolution of Earth's biosphere were shaped by the physical and chemical histories of the oceans. Marine chemical
sediments and altered oceanic crust preserve a geochemical record of these histories. Marine chemical sediments, for example,
exhibit an increase in their ®*0/'°O ratio through time. The implications of this signal are ambiguous but are typically cast in
terms of two endmember (but not mutually exclusive) scenarios. The oceans may have been much warmer in the deep past if
they had an oxygen isotope composition similar to that of today. Alternatively, the nature of fluid-rock interactions (including
the weathering processes associated with continental emergence) may have been different in the past, leading to an evolv-
ing oceanic oxygen isotope composition. Here we examine approximately 3.24-billion-year-old hydrothermally altered oceanic
crust from the Panorama district in the Pilbara Craton of Western Australia as an alternative oxygen isotope archive to marine
chemical sediments. We find that, at that time, seawater at Panorama had an oxygen isotope composition enriched in ®O rela-
tive to the modern ocean with a §'°0 of 3.3 + 0.1%. VSMOW. We suggest that seawater 5'°0 may have decreased through time,
in contrast to the large increases seen in marine chemical sediments. To explain this possibility, we construct an oxygen isotope
exchange model of the geologic water cycle, which suggests that the initiation of continental weathering in the late Archaean,
between 3 and 2.5 billion years ago, would have drawn down an ®*0O-enriched early Archaean ocean to 6'®0 values similar to
those of modern seawater. We conclude that Earth’s water cycle may have gone through two separate phases of steady-state

behaviour, before and after the emergence of the continents.

critical determinants of the origin and evolution of Earth’s

biosphere. The oceans have mediated climatic feedbacks
between the biosphere, atmosphere and geosphere through deep
time, helping to ensure long-term planetary habitability. A tracer
that integrates these dual aspects of oceanic history is the oxygen
isotope composition of seawater. On geological timescales, the §'*O
value (8"*0 = [(**O0/"*Oyyppi. = "*O/*Oyspiow) /" O/ *Oypiow] of seawa-
ter, where VSMOW represents Vienna standard mean ocean water,
an international standard that approximates the average oxygen
isotope composition of modern ocean water) records the combined
isotopic influences of hydrothermal alteration of oceanic crust
(both high and low temperature), continental weathering, recycling
efficiency of water and continental material at subduction zones,
and any long-lived continental glaciers'.

Although direct samples of ancient seawater are absent in records
of the deep past, information on ancient ocean chemistry can be
archived in the rock record. Two records, in particular, are thought
to preserve seawater 8O in deep time: chemical sediments (for
example, ref.?) and altered oceanic crust (for example, ref.?). The
former record has been more thoroughly analysed, and includes
carbonates, phosphates, microcrystalline silica and iron oxides. As
these minerals form directly from aqueous species, they can reflect
the 80 of the water with which they coexist. Measurements of
oxygen isotope ratios in these sedimentary archives record a large
secular increase through time*”’, where older chemical sediments
have lower 80 values that steadily increase through time to the
present day.

This isotopic increase has typically been cast in terms of two
endmember (but not mutually exclusive) interpretations: much
higher past ocean temperatures with seawater 6'*0 values buffered

| he physical and chemical histories of the oceans on Earth were

near 0%o through time>®; or more temperate seawater tempera-
tures in the face of temporally evolving seawater 3'*0 values®*°.
An evolving oxygen isotope composition of seawater would indi-
cate that the balance of isotopically distinct inputs and outputs of
water to the ocean was different from that of the modern Earth.
High-temperature fluid-rock interactions strip O from hydrother-
mal fluids, which isotopically enrich the ocean in O when these
fluids are discharged at oceanic hydrothermal vents'. Alternatively,
low-temperature weathering on emergent continents and in shal-
low oceanic crust sequesters 'O away from the oceans'. Secular
variations in both processes have been proposed as a mechanism to
evolve seawater 5'°0 over time®’.

Here we examine the record of the oxygen isotope composition
of seawater preserved in altered oceanic crust'>'>. A long-stand-
ing body of knowledge provides strong evidence that the isotopic
processes observed at modern mid-ocean ridge hydrothermal sys-
tems also occurred in the deep past®>'"'*!*. Minerals from the high-
temperature portions'>'® of ancient oceanic hydrothermal systems
record the 6'%0 values of the local hydrothermal fluid, suggesting
that isotopic exchange between fluid and rock approaches equilib-
rium conditions in settings with closely spaced fracture networks'”.

We build on these realizations and present a new inverse method
that interprets two-dimensional oxygen isotope patterns in oceanic
crustal rocks representing both the low-temperature, shallow por-
tions of hydrothermal systems and the high-temperature portions
hosted in deep crust. A unique aspect of this approach is that we
impose both local and system-wide mass balance to each setting,
focusing on how the process of local fluid-mediated oxygen iso-
tope exchange naturally scales up to a consistent spatial pattern of
180 enrichments and depletions when viewed over an entire hydro-
thermal system'®. We confirm this method against oxygen isotope
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Fig. 1| Simplified geologic map and reconstructed temperature and oxygen isotope cross-sections of the Panorama District. Left: a geologic map®’ overlain
with sample sites for oxygen isotope determination. Whole-rock oxygen isotope measurements are from Ni-bomb fluorination*°. The VMS prospects

(red diamonds) are the inferred discharge zones of hydrothermal cells: Sulphur Springs (SS), Kangaroo Caves (KC), Breakers (BK), Man O War (MW) and
Anomaly 45 (A45). Right: the reconstructed oxygen isotope and temperature cross-sections go from north (A) on the left to south (A") on the right, and
start from the base of the volcanic pile. The white dots in all panels represent sample sites, and the black dots in the right-hand subplots are the corners of

the grid boxes used in the data inversion.

cross-sections from Mesozoic and Cenozoic oceanic crust, and then
exploit the exquisitely exposed fossil hydrothermal system found in
the 3.24-Gyr-old Panorama volcanogenic massive sulfide (VMS)
district, Pilbara, Australia (Fig. 1). By targeting Palaeoarchaean oce-
anic crust, we focus on a time period where hypotheses for steady-
state and evolving seawater 8O are characterized by their largest
differences (0%o (ref.’) and —9%o (for example, ref.?)).

Inverse model, calibration, benchmarking and confirmation
We adapt a tracer mass-balance inversion approach from the ocean
circulation literature'” that has been used previously in geochemical
studies of crustal fluid flow**". The technique relies on whole-rock
oxygen isotope measurements and independent estimates of altera-
tion temperatures, with the goal of inverting these local data to sum
the total amount of fluid that altered a given body of rock. Given
this estimated fluid/rock ratio for the entire hydrothermal system,
as well as average system-wide isotopic and thermal properties, we
then solve for the 8'°0 of the fluid feeding the entire flow system®.

We calibrated the smoothing parameter that is required to pro-
duce a unique solution by inverting a synthetic dataset of isotopic
patterns and temperature’’. This study” developed an analytical
model for equilibrium oxygen isotope exchange between oceanic
crust with a constant initial '®0 and infiltrating seawater of 0%o,
under a hydrothermal system driven by a two-dimensional temper-
ature profile that was fixed in time. It is therefore an exact forward
representation of isotopic alteration under the governing assump-
tions in our inverse model. We imposed a starting rock 8O of
5.7%o and sampled these forward model results (their Fig. 1) to tune
the smoothing parameter in our inversions. A value of 2.05x10~*
reproduced the imposed infiltrating seawater of 0%o (see Methods
and Extended Data Fig. 1).
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To benchmark the inverse model, we inverted a synthetic oxy-
gen isotope and temperature dataset from another forward model
(their Fig. 21)*, holding constant the calibrated smoothing param-
eter. This model numerically described the isotopic consequences
of hydrothermal seawater-ocean crust interactions under kinetic,
rather than equilibrium, isotope exchange, as well as a time-depen-
dent thermal evolution of the hydrothermal system. We chose to
invert results that represent the full duration of the model calcu-
lation to examine the impact of these assumptions over the entire
lifetime of a hydrothermal system. In spite of these different for-
ward model conditions, our inversion still reproduces the incoming
fluid value of ~ 0%o (—0.5+0.1%0; Extended Data Fig. 1) imposed
in the forward model, given a starting rock 8'®O of 7.5%o (ref.?).
This establishes the second-order isotopic influence of kinetics,
especially at temperatures >100°C (ref. >).

Finally, we also benchmarked the inverse model against a sim-
ulation of the coupled oxygen isotope and temperature evolution
associated with the hydrothermal alteration of the Skaergaard intru-
sion (their Fig. 24)". This system was fed by freshwater*, and the
modelled incoming fluid in ref.'® had a 8"O value of —14%.. We
held constant the calibrated smoothing parameter in this case as
well, and returned an inverse estimate within error of the imposed
of 80 for the infiltrating fluid (—14.5+0.9%0; Extended Data
Fig. 1), assuming a starting 'O value for plagioclase of 7%o (ref. ).
This benchmark illustrates that the inverse approach can distin-
guish internal redistribution of oxygen isotopes from whole-system
variations driven by changes in the 8O values of external fluids.

To confirm our inverse approach, we applied it to oxygen isotope
and temperature records from three fossil Cenozoic-Mesozoic oce-
anic hydrothermal systems: the 0.2-Myr-old Hess Deep exposure of
the East Pacific Rise®; the 14.2-Myr-old Fukazawa-Kosaka area’;
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Fig. 2 | Results of ‘leave-one-out' inversions, removing one sample each
time from each dataset and re-running the entire inverse procedure.
Each set of inversions has the same number of runs as there are samples
in each dataset (Supplementary Table 2).

and the 91.6+1.4-Myr-old Solea Graben in the Troodos ophio-
lite*”* (Fig. 2 and Supplementary Fig. 3). For all three times, the
880 of seawater has been independently estimated from Mg/Ca
and §'*0 analyses of benthic foraminifera® at 0.2%o, about —0.5%0
and —1%o, respectively (Fig. 3).

These three systems represent a diversity of spreading cen-
tres, from mid-ocean ridges to back-arc basins, and they have
each experienced fluid-rock interaction of different duration and
intensity. This is evident in the fluid/rock ratios estimated for
each site (Extended Data Fig. 2), as well as the range seen in each
site’s 880 data (Extended Data Fig. 3). Despite these differences,
the inverse method returned incoming seawater 8'®0 values that
match well with what has been proposed for the latest Mesozoic
and Cenozoic” (inset of Fig. 3). We take these results to mean that
the smoothing parameter calibrated on the initial synthetic dataset
is suitable for use in natural settings. In addition, it appears that
any isotopic ageing that may occur after the hydrothermal system
dies out but before the crustal section is exposed, including any
alteration associated with obduction, does not impact the inverse
results. Finally, the ability to distinguish the relatively small iso-
topic variations proposed for Cenozoic-Mesozoic seawater sug-
gests that we will be able to discriminate between the much larger
isotopic differences that characterize hypotheses for the 8O of
Palaeoarchaean seawater.

An exceptional exposure of 3.24-Gyr-old oceanic crust

The Panorama VMS district of the Pilbara Craton in northern
Western Australia preserves a 3,238 + 3-Myr-old section of oceanic
crust’®~*2. There are two broad hypotheses for the geologic setting
at Panorama. The first suggests that the area was formed as a series
of volcanic plateaux, with sporadic underplating and proto-sub-
duction®. The second suggests modern-like horizontal plate tec-
tonics, with spreading centres and subduction zones (for example,
ref.**). Regardless of exact setting, there is ample evidence that the
Panorama district formed in a submarine setting and interacted
hydrothermally with infiltrating seawater.

The 3-4-km-thick Panorama volcanic pile is represented by
the Kangaroo Caves Formation, and ranges in composition from
basalt to dacite, with minor components of rhyolite (Fig. 1). There
are abundant pillow basalts, as well as an exhalative chert hori-
zon, at the top of the pile indicating preservation of the palaeo-
seafloor. Very shortly after the formation of the volcanic pile,
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Fig. 3 | Calculated seawater 50 evolution for different rate efficiency and
continental emergence scenarios. Previous estimates for seawater 8'¥0
from submarine basalts (from oldest to youngest: ref.*, ref.™®, ref.'?, ref.
and ref.?*) are shown in grey boxes, with our results shown as orange dots
(error bars represent two standard deviations). Note the youngest grey box
combines two estimates of Phanerozoic seawater 8®0. The constraint at
4.45 Ga (orange box) is based on basaltic magma-water equilibrium'#242
and a bulk Earth 8'®0 =5.5%0. The inset shows estimated seawater §'®0
for the Cenozoic and the latest Mesozoic based on benthic foraminiferal
oxygen isotopes and Mg/Ca ratios?’. The green field indicates sluggish
Archaean plate tectonics, which are defined by water cycling at 2-4% of
modern rates that increase to modern values at 3 Ga. The dot-dash line
indicates establishment of continental water cycling in the early Archaean
while the solid line indicates establishment in the late Archaean. This

plot highlights that there are no constraints on seawater §'®0 during the
Proterozoic eon from oceanic crustal rocks, so we assumed that §'®0 of
Proterozoic seawater resembled Phanerozoic seawater.

it was intruded by the Strelley Granite, which is indistinguish-
able in age (3,239+2Myr old) from the volcanics®. This intru-
sion slightly tilted the volcanic strata and drove a series of five
distinct hydrothermal cells now demarcated by VMS prospects at
Sulphur Springs, Kangaroo Caves, Breakers, Anomaly 45 and Man
O' War’'. Although there were three main stages of deformation
regionally”, the Panorama strata were rotated as a near-solid body
and experienced low strain throughout their post-formation his-
tory*®. The completeness of the Panorama section, as evidenced by
preservation of palaeo-seafloor down to the granitic heat engine,
makes it an ideal quantitative record of hydrothermal alteration in
Palaeoarchaean oceanic crust***-*%,

Alteration of the volcanic rocks at Panorama by downwelling
seawater is preserved both mineralogically and geochemically’*.
The alteration patterns reflect broad low-temperature recharge
zones separated by more narrow high-temperature discharge
zones capped by massive sulfide mounds®. In the recharge zones,
the initial mineralogy has been altered to a feldspar-sericite-
quartz assemblage, while in the discharge zones it is now primarily
chlorite-quartz®. The alteration patterns are further defined as
maps of fluid-mobile elements (for example, Cu, Mo, Zn), which
were stripped from wall rocks in regions of up-temperature fluid
flow and precipitated in sulfide mounds at discharge sites”**. Fluid
inclusions record seawater infiltration into the volcanic pile during
a single phase of hydrothermal activity, and insignificant input of
magmatic water”. The temperatures estimated from fluid inclu-
sions correlate closely with alteration mineral assemblages®; thus,
we assigned a temperature of alteration to each sample based on
their associated mineral zone’ (Fig. 1).
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In addition to geochemical, mineralogical and thermal evi-
dence for Panorama’s hydrothermal history, there is a well-resolved
record of whole-rock oxygen isotope alteration across the entire
district” (Fig. 1) The oxygen isotope patterns at Panorama, with
higher 8"0 values near the palaeo-seafloor and lower values at
depth are similar to profiles of more recent altered oceanic crust>*
and ophiolites’’. These similar system-wide oxygen isotope pat-
terns through time reflect an overall calculable balance between
80 depletion in the deep crust through high-temperature fluid-
rock interactions and '*O enrichment in the shallow crust through
low-temperature alteration.

Applying our inverse model to the Panorama system returns a
80 value for incoming seawater at 3.24 Gyr ago (Ga) of 3.3+0.1%0
VSMOW (Fig. 2). This is about 4% enriched compared to a mod-
ern, ice-free ocean, and contrasts strongly with previously pro-
posed values of 0%o (ref.”) and —9%o (for example, ref.”) for the
Palaeoarchaean ocean. The system-scale fluid/rock ratio from
the inversion, however, is within the range of those estimated for
the East Pacific Rise, Solea and Fukazawa (Extended Data Fig. 2),
potentially indicating broadly similar driving forces for hydrother-
mal fluid flow in oceanic crustal environments through time.

Seawater oxygen isotope history from oceanic crustal rocks
When viewed in a temporal perspective, the seawater 6'°O history
implied by oceanic crustal rocks differs markedly, in sign and mag-
nitude, from the record inferred from chemical sediments. In addi-
tion to the results reported here, an *O-enriched ocean has been
identified at 3.8 Ga, with a §'®0 value ranging from +0.8 to +3.8%o
(ref.*'), while estimates for more recent times (late Neoproterozoic
into the Phanerozoic) centre around a 6'*O value of about —1%o
(Fig. 3). This apparent long-lived pattern is also consistent with pre-
dictions of a primordial ocean 8O value of +6 to +8%o (refs. **).
Isotopic equilibrium with a basaltic melt of 8'*0 = +5.5%o (ref.**) at
temperatures expected for the waning stages of a magma ocean after
the Moon-forming impact (1,200—1,300°C; ref.*) could produce
such ®O-enriched water. A quasi-exponential decay from these
high original values is a natural consequence of the fact that the
magnitude of oxygen isotope exchange processes that control sea-
water 8'%0 depend on seawater 50 itself"*>*.

Here we take advantage of a published kinetic model for the
change in oceanic %0 with time* (see Supplementary Information)
and a quantitative synthesis of modern O exchange between the
hydrosphere and geosphere' to ask: whether time-invariant oxygen
cycling can lead to the broad patterns of oceanic 8'*0 through time;
and, if not, whether minimal changes to the structure or magnitude
of the '®0-enabled water cycle can reproduce these patterns. We
modified slightly the published net fractionation factor (4.,) associ-
ated with continental weathering to produce an ice-free ocean §'*O
value of —1%o while using directly the rates of oxygen cycling (k,)
between the hydrosphere and solid Earth reservoirs as well as other
A, values' (Supplementary Table 1).

Although modern rates and fractionation factors result in an
80-enriched ocean declining to a modern-like steady-state '*O
value (Fig. 3), the timescale for this change is much too short to
yield an "*O-enriched ocean in the Palaeoarchaean. This is a direct
consequence of the rapidity of oxygen cycling on modern Earth,
which processes about an ocean’s worth of oxygen every ~40 Myr
(X k;=26.1 Gyr™}; Supplementary Table 1). A stepped exponen-
tial decay model can fit observations of a secular decrease in sea-
water 8O through time (Fig. 3), however, as long as the overall
magnitude of the rate of oxygen cycling is ~2-4% as efficient as
modern (Y k;=0.5—1.0Gyr™) at the start of the Archaean eon,
increasing to modern levels by ~2.5Ga (Extended Data Fig. 5).
Such oxygen cycling implies sluggish plate tectonics relative to
the modern' for much of the Archaean. There are geophysical and
geochemical hypotheses consistent with plate tectonics at this time
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(for example, ref.*) and, if the fluid/rock ratios calculated for the
Panorama VMS district relative to more recent Fukazawa VMS
district (Extended Data Fig. 2) are representative, Palaeoarchaean
oceanic heat flux may have indeed been less than Miocene heat
flux. Application of the technique reported here to other sections
of Archaean and Proterozoic oceanic crust may enable evaluation
of this possibility.

A decreasein seawater 8'30 from >3%o to —1%o can also be repro-
duced by simple structural changes in the kinetic model, without
modifying rates from their modern values (Supplementary Table
1 and Extended Data Fig. 4). The "*O-enriched Palacoarchaean
ocean identified here can be reproduced if the early Archaean
water cycle was characterized purely by oceanic oxygen cycling
(low-temperature and high-temperature exchange with submarine
basalts; water recycling through the mantle), while continental
oxygen isotope cycling only ‘turned on’ sometime after ~3.2Ga
(Fig. 3). In addition to oceanic oxygen exchange rates at their mod-
ern values, this alternative also requires a distinct early Archaean
fractionation factor associated with high-temperature hydrother-
mal alteration of oceanic crust of 1.4%o that evolves to its modern
value of 4.1%o after 3 Ga (Supplementary Table 1). In this model,
the ocean evolves quickly from an initially high 6'*0 value (7%o)
to a steady state of about 3%o, and then, as continental weather-
ing and recycling rise from zero to modern rates by ~2.5Ga, the
isotopic steady state is lowered to the modern ice-free 8O value
of —1%o. Although emergent continental blocks have been identi-
fied as early as ~3.5 Ga (ref. "), the seawater 80O record does not
appear to record their influence on global-scale continental weath-
ering and recycling of sediments into continental crust. Craton-
scale exposure surfaces, however, are present in the ~3-Gyr-old
Pongola Basin® and recent work on the 7O record in shales sug-
gests widespread subaerial weathering of continental crust by
about ~2.5Ga (ref.*").

Both of these simple oxygen isotope evolution models imply lim-
ited continental emergence for much of the Archaean. As a result,
we can estimate the size of important continental reservoirs as con-
tinental oxygen isotope cycling is initiated. The Archaean ocean
mass is estimated to be 1 to 1.7 times larger than the modern one
(1.21x10*" to 2.1 X 10*" kg)*"*', which means that evolution of sea-
water 80 from 3%o to —1%o would require removal of between
6x10" and 1.0 x 10" mol of **O. If sediments were the ultimate sink
for this oxygen, assuming a 8'*0 of 12.7%o (ref.*’) and approximat-
ing sediments as 70% kaolinite (AlSi,O,(OH),) and 30% quartz
(Si0,), the isotopic shift implies development of a sedimentary res-
ervoir that is between 4 x 10 and 7 x 10*°kg. This is between 22 and
34% of the mass of the modern sedimentary shell™. Using the same
approach for continental crust, but given a 8O of 7.8%o (ref.*)
and approximating the crust as granitic with a chemical formula
of KAISi, Oy, indicates nascent weatherable continents of 7 X 10% to
1.1x10%'kg (3-5% modern™). We stress that these are minimum
estimates, as they represent the amount of oxygen that must be
exchanged to shift oceanic 830 from 3%o to —1%o. Growth of more
crustal or sedimentary mass is certainly possible, especially given
recent evidence for an even more '*O-depleted early Proterozoic
ocean than assumed here’.

We recognize that these quantitative narratives for continen-
tal emergence are not unique. They do, however, underscore that
growth of an '®O-enriched surface reservoir is necessary to drive
Palaeoarchaean oceanic §'®0 to less positive values more character-
istic of modern times. The emergence of continents, the initiation
of subaerial weathering, and the formation of a granite-rich crust
and clay-rich sedimentary shell provide a consilient solution to this
situation. Whether these emergent processes happened slowly or
rapidly, in the late Archaean or in the Protoerozic, are all open ques-
tions that can be answered with the new approach described here.
An early Earth without emergent continents may have resembled
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a ‘water world, providing an important environmental constraint
on the origin and evolution of life on Earth®* as well as its possible
existence elsewhere™.
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Table 1| Results of sensitivity analysis accounting for a hydrated mineral sink

Setting OR, F/R Hydrated F/R Hydrated 6'°0 Inverse 6'°0 Difference

East Pacific Rise 55 0.45+0.01 0.008 0.21 0.23 0.02

Fukazawa 75 3.04+0.26 0.097 -0.46 -0.51 —-0.05

Solea 55 1.25+0.08 0.044 -1.07 -1.08 —-0.01

Panorama 55 0.87+0.04 0.048 3.31 3.27 -0.04
Methods average temperature of alteration, and therefore Ay , for each inversion area

From natural samples or forward model output, we build a regularly spaced,
contoured grid of both oxygen isotope and temperature data. For natural outcrops, we
correct the spatially located raw data for tilting, faulting and/or folding. Once the data
are projected onto a common vertical plane, we interpolate onto a regularly spaced
grid to make a common basis for oxygen isotope and temperature fields (Fig. 1).

For each grid box, we assume that the altering fluid is water, and that the
amount of fluid that enters equals the amount of fluid that leaves (that is, fluid
mass balance). This assumption is equivalent to the requirement that the total
amount of oxygen in the rocks in each box remains the same. We also assume that
the difference in the amount of '*O that is carried into and out of each grid box
by the fluid is equal to the '*O that is taken up or released by the rock in that box
through isotopic exchange reactions (that is, isotope mass balance).

For all grid boxes, we apply the following mass-balance matrix equation:

N=Cq (1)

where, for each local grid box, N represents the change in '*O in the rock from an
assigned initial value to the final measured value, C is the '*O concentration in the
fluid after exchange with the rock and q is the time-integrated amount of fluid (in
moles) that passed through the local rock volume. Note that we transform measured
8'80 values to ratios of '*O/!¢O. Since '*O ~ total oxygen (8.6 X 10°mol oxygen per
cubic metre of rock™), we multiply N by the total number of moles of oxygen in each
grid cell to calculate the total '*O gained or lost. Assigned starting rock 8'*0 values
are 5.5%o for most oceanic crustal sections except the synthetic data from ref.”, for
which re-examination of original model code indicates an initial $"*0 =5.7%o, and
Fukazawa, which had an initial 80 =7.5%o (ref.”"). We assumed a starting 5'*0 of
7%o for plagioclase in Skaergaard rocks. At each grid cell boundary, we assumed that
equilibrium isotopic exchange between the rock and the fluid, where the difference in
80 between rock and fluid is A _p, was a function of temperature (T) alone:

App=-3.9x10°/T+3.43x10°/T* @

from ref. ”’. Temperature estimates are independent from oxygen isotope values or
are imposed. All temperatures are in Kelvin. For natural settings, we calculate the
isotopic value of a fluid in equilibrium with rock based on the final measured §'0
value of the rock.

Critically, the inverse technique enforces oxygen and fluid mass balance both
at local and system-wide scales. We assumed that there was no production or
consumption of water during hydrothermal alteration. In addition, this implies
that the amount of fluid that enters each grid box is equal to the amount of fluid
that exits each grid box. We imposed no fluid flow along the bottom of the entire
inversion domain but the top and sides were open to fluid flow.

We also added a smoothing parameter, @, which weights solutions towards
those where fluid flow through neighbouring grid boxes matches more closely".
Specifically, to solve for g, where the tilde indicates this is an approximation of the
true value of q, we applied the following matrix calculation:

q = (C'c + &’)7'C'N ©)

where C” is the transpose of the concentration matrix, I is an identity matrix and o
is the smoothing parameter, which was constrained to be 2.05x 10~ via inversion
of the forward model results from ref.*' under the constraint of an input fluid

of %0 = 0%o.

We solved this equation to estimate the total moles of fluid oxygen (F), which
is the norm of the vector g, that circulated through a given package of rock
characterized by a fixed total number of moles of rock oxygen (R). To estimate
uncertainty in F, we ran the inversion n times for each geologic setting, where
n is the total number of samples, and each time removed a random data point
(Supplementary Table 2).

We then calculated whole-system fluid/rock (F/R) ratios. This is related to the
average 8'80 value of seawater that infiltrated the hydrothermal system over the
lifetime of alteration (§W,) through:

SR, — OR

W= IR “+ 3R, — Ay (4)

where SR; is the final average rock 8'°0, which is measured, and A_ is the average
difference between the §'*0O of fluid and rock in the system*’. We calculated an

NATURE GEOSCIENCE | www.nature.com/naturegeoscience

(Supplementary Table 2).

We acknowledge that hydration of rock and formation of hydrated minerals
means that strict mass balance between fluxes across each grid box may not be true
in natural systems. This effect, however, is minor compared to the total amount of
fluid that alters a certain rock volume. We quantify this effect using the following,
empirical relationship from ref.!" that relates altered basalt water weight percent
(B=0.97%0/wt%) to final rock 8O (8R)):

SRf =p+0R, (5)

and its initial 5"°O (8R,). We calculated an estimated water content using the R,
from each of the natural sample site grids (Extended Data Fig. 3). We converted
weight percent water to total moles of oxygen in hydrated minerals, then calculated
a corresponding fluid/rock ratio solely due to hydration (Table 1). We subtracted
this value from the one returned in the inversion, since hydration represents an
oxygen sink into minerals.

Then we used equation (4), with this corrected, ‘hydrated’ fluid/rock ratio to
calculate an estimated initial fluid 8*O (& Wih). We find the difference between 8 W,
from the inversion and 6Wih using the hydrated fluid/rock ratio to be no greater than
0.1%o (Table 1). Thus, we neglect the minor influence of hydrated minerals in the
inversion, and assume negligible hydration fluid sinks in overall fluid mass balance.

The choice of initial rock §"*O affects the estimated 6O of incoming fluid.
Specifically for Panorama, if the entire volcanic package had the same §'*O as
unaltered Strelley Granite (7.9%o), rather than 5.5%o, then the inversion returns an
estimate for incoming seawater of 0.03 +0.09%o. We suggest, however, that initial
rock 80 values were likely to be near 5.5%o at Panorama. First, the $'*O value of
the mantle, and mantle-derived ocean crust, is thought to be constant over Earth
history (for example, ref."). Second, the small '*O enrichment seen in the Strelley
Granite is a common feature in felsic rocks, such as plagiogranites, associated
with mantle-derived basalts and gabbros from mid-ocean ridge environments
and ophiolites™-*". Although assimilation of '*O-enriched wall rocks can also
elevate 6O values in silicic magmas, potentially negating any genetic reasons
for the isotopic similarity between the Strelley Granite and evolved rocks such as
plagiogranites, detailed mapping of contact relationships suggests that the Strelley
Granite intruded in a sill-like manner*, and is thus unlikely to have assimilated
much of the local volcanic pile.

Data availability

Oxygen isotope data and associated spatial data were previously published

in refs. '%2-2%2520%_ Temperature data are mostly from the same references

as the oxygen isotope data, with the exception of those for Panorama, which

were from ref. **.

We have provided all data used in the inversions in csv files in the Supplementary
Information.

Code availability

All model code and data used for inversions are available in the Supplementary
Information and on the corresponding author’s github repository (https://github.
com/benwjohnson). In addition, the corresponding author is happy to send code
upon email request.
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Extended Data Fig. 1| Estimated fluid rock ratios for ‘leave-one-out’ inversions. Water/rock ratio results of 'leave-one-out’ inversions, removing one
sample each time for all synthetic datasets (21; 18; 23).
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Extended Data Fig. 2 | Estimated incoming fluid oxygen isotope composition from synthetic datasets. Results of 'leave-one-out’ inversions, removing one
sample each time (21; 18; 23). Each set of inversions has the same number of runs as there are samples for each set. Arrows indicate imposed incoming
fluid 80, and inset shows the models on the same isotopic scale as the crustal sections in Fig. 2.
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Extended Data Fig. 3 | 60 and temperature contours for all datasets. The third column shows the true aspect ratio of all datasets, highlighting that the
geometry of the study area does not affect inverse estimates.
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Extended Data Fig. 4 | Schematic of the Earth system water cycle. Fluxes in bold are used in the kinetic model for seawater 60, while those in italics are
not considered to be important isotopically for the long-term evolution of seawater §'€0.
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We assume 2 - 4% modern exchange rates initially for the first row, which then increase to modern rates by 2.5 Ga The second through fourth rows
impose continental emergence at 4.4, 3, and 0.9 Ga, increasing to modern values over ~ 500 million years.

NATURE GEOSCIENCE | www.nature.com/naturegeoscience


http://www.nature.com/naturegeoscience

Iééggrsecience SUPPLEMENTARY INFORMATION

In the format provided by the authors and unedited.

https://doi.org/10.1038/541561-020-0538-9

Limited Archaean continental emergence reflected
in an early Archaean ¥O-enriched ocean

Benjamin W. Johnson®"22 and Boswell A. Wing'

'Department of Geological Sciences, University of Colorado Boulder, Boulder, CO, USA. 2Department of Geological and Atmospheric Sciences, lowa State
University, Ames, IA, USA. Me-mail: bwj@iastate.edu

NATURE GEOSCIENCE | www.nature.com/naturegeoscience


http://orcid.org/0000-0001-6925-3223
mailto:bwj@iastate.edu
http://www.nature.com/naturegeoscience

Limited Archean continental emergence reflected in an early
Archean '®*O-enriched ocean Supplemental Information

Benjamin W Johnson,!?* Boswell A Wing!

'Department of Geological Sciences, University of Colorado Boulder,
2200 Colorado Avenue, Boulder, CO, USA, 80309
2Department of Geological and Atmospheric Sciences, Iowa State University,
253 Science Hall, 2237 Osborn Drive, Ames, 1A, USA, 50011

*To whom correspondence should be addressed; E-mail: bwj@iastate.edu.

Supplemental Information

Forward model output inversion results

As described in the main text, we tuned the smoothing parameter in our model using forward model output
from (1), and further tested the inverse method on synthetic data from (2) and (3). The results are shown in
Fig. The subplot shows the results on the same scale as results from natural datasets. In addition, we show

isotope and temperature contour plots in Figure[S3]

Kinetic modeling of seawater 6'50

Using the approach of (&), we calculate steady-state seawater 60 values with:
5W€teady-state = [2k1<5f - Az)]/zkz (Eq Sl)

where the £; are rate constants normalized to modern ocean mass, the J; are starting rock ¢ 180 values, and the
A,; are the bulk O-isotope fractionation factor between different rock reservoirs (¢) and water (Table[ST). Impor-
tant O-isotope exchange fluxes on geological timescales are shown in Figure [S4and include: high-temperature
and low-temperature alteration of oceanic crust, continental weathering, and recycling of continentally-derived

water in subduction zones.



Forward models Crustal Sections

1.0
= Equilibrium i [ Fukazawa
I Kinetic I EPR
I Skaergaard [ Solea
- [ Panorama
0.8
@ 0.6 - |
S _
ha
o
c
k)
=1
9]
o
“ 0.4 |
0.2 - ]
0.0- : : : ] ’7 . : A O |_|_r‘r O,
0.0 0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5 3.0 3.5

F/R ratio F/R ratio

Figure S1: Water/rock ratio results of ‘leave-one-out’ inversions, removing one sample each time for all syn-
thetic datasets (1 [3; 2).



Forward models

1.0 \ EE Equilibrium
I Forward
Il Skaergaard

0.8

[7)] 7))

C C

2 0.6 2

‘G G

° C0.25-

i) S

9] 9]

e | © 0.00-

w 0.4 “ "-1.0 -0.5 0.0 0.5 1.0

6180 incoming (%o VSMOW)

0.2

0.0 . . M
-15 -10 -5 0 5
680 incoming (%o VSMOW)
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Table S1: Values used in Equations [Eq. S1{{Eq. S2|to calculate seawater §'0 over time. All values except
A for continental weathering and Archean high temperature alteration are from (5). We adjusted continental
weathering to reproduce a —1%o modern ocean, and adjusted high temperature alteration to shift from 1.4 to
4.1%o for the middle continental emergence scenario. All other scenarios use 4.1% for this fractionation factor.
All k; values are normalized to the current ocean mass and represent the amount of time it takes to process a
modern ocean’s-worth of O in a billion years.

Flux k; (Gyr™ 1) A (%0) 5% (%o0)
Continental Weathering 8.0 13 7.8
Continental Recycling 1.2 9.8 7.8
High Temperature alteration 14.6 1.6 —4.2 9.5
Low Temperature Alteration 1.7 9.3 5.5
Water Recycling 0.6 2.5 7.0

Then, we apply the equation for the dynamic §'0 of seawater, assuming at each time point k;, 69, and A;

are held constant and starting ocean 60 (§W,) is 7%o:
5W - (5Wo - 5Wsteady—state)€_2kit + 6Wsteady—state (Eq Sz)

The continental fluxes are “turned on” at 3 Ga, consistent with initial continental emergence at this time
(Fig. [S3), and reach modern values by 2.5 Ga. We also present similar calculations for early emergence a
4.4 Ga, and late emergence at 0.9 Ga. Our results are inconsistent with early emergence, but testing for later

emergence requires additional inverse analysis of Proterozoic altered oceanic crust.
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Figure S4: Schematic of the Earth system water cycle. Fluxes in bold are used in the kinetic model for
seawater §'80, while those in italics are not considered to be important isotopically for the long-term evolution
of seawater §'%0.
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Figure S5: Oxygen isotope exchange rates used to make different 580 curves in Figure 3. We assume 2 — 4%
modern exchange rates initially for the first row, which then increase to modern rates by 2.5 Ga The second
through fourth rows impose continental emergence at 4.4, 3, and 0.9 Ga, increasing to modern values over ~
500 million years
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