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Earth has bimodal hypsometry, with emergent, subaerial continents and submerged
oceanic crust. The tempo and history of emergence is imprecisely understood. We
estimate the oxygen isotope composition of seawater (δ18OSW) via tracer mass
balance inversion of sections of hydrothermally altered ocean crust as a proxy for
emergent crust. Using data from Sturgeon Lake, Canada (∼2735 Ma) and the
Pecos Greenstone Belt, USA (∼1720 Ma), we find δ18OSW decreased from
about þ3 to þ4 ‰ to −0.2 ‰, indicating near-modern levels of emergence by
∼1720 Ma, with minimal emergence at ∼2735 Ma. We employ a steady state
δ18OSW model, driven either by continuous or punctuated continental growth, to
interpret our findings. Such reconstructions indicate continental growth and
emergence were decoupled until the end of the Archean.
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Introduction

Earth is unique among our planetary neighbours, including the
presence of bimodal crust. Dense, oceanic crust underlies large
ocean basins today. Buoyant, felsic continental crust is mostly
emergent above sea level, giving Earth bimodal hypsometry.
Both the presence of substantial felsic crust and its position
above sea level exert feedbacks on a planetary scale. Emergent
continental crust provides nutrients to the oceans (Large et al.,
2018), modulates climate via weathering (Walker et al., 1981),
and could be an evolutionary driver for life (Zhu et al., 2022).

Determining the tempo and extent of subaerial emergence
globally, however, is challenging. While there is a long history of
inquiry surrounding the generation of felsic continental crust
(Hawkesworth et al., 2024), subaerial emergence is an inter-
twined, but slightly distinct process. Further, geologic and
existing geochemical records of emergence vary widely both in
spatial scale and temporal resolution. Limited subaerial emer-
gence, with the Earth resembling a “water world”, has been sug-
gested for the early Archean based on water cycle modelling
(Korenaga, 2021) and the oxygen isotope value of seawater
(δ18OSW)1 preserved in rocks and minerals (Pope et al., 2012;
Bindeman et al., 2018; Johnson and Wing, 2020). Geologic evi-
dence from Archean cratons suggests localised emergence,
including ∼3.5 Ga angular unconformities (Buick et al., 1995)
and ∼3.2 Ga river/beach deposits (Heubeck and Lowe, 1994).
More widespread emergence at ∼2.7 Ga is suggested by large
scale passive margin deposits (Bradley, 2008). Mantle thermal
modelling, however, suggests that any emergence before the
Neoproterozoic was limited to active mountain building regions

(Lee et al., 2018). Both crustal and ocean volume contribute to
emergence (Korenaga, 2021). To address this uncertainty, we
build on previous work using sections of hydrothermally altered
ocean crust as a record of δ18OSW as a proxy for continental
emergence (Johnson and Wing, 2020).

δ18OSW is buffered over million year time scales by water-
rock reactions (Gregory, 1991; Muehlenbachs, 1998). Low tem-
perature interactions, both in continental and oceanic crust,
move 18O from water to rock, which in turn decreases
δ18OSW. High temperature alteration of oceanic crust transfers
18O from rock to water, which would lower δ18OSW. Today,
the proportion of low to high temperature alteration in oceanic
crust is about equal (Muehlenbachs, 1998), and based on
observations of ancient ophiolites and oceanic crust, this
proportion was likely similar in the deep past (Holmden and
Muehlenbachs, 1993; Johnson and Wing, 2020). Subaerial
weathering, in contrast, does not have a high temperature com-
ponent, so only acts as a sink for 18O. If no crust is emergent, we
would expect higher δ18OSW than if significant crust was emer-
gent. Thus, the proportion of emergent crust, with associated
subaerial weathering, should be reflected in variable δ18OSW over
time. We can measure the δ18O value of sections of hydrother-
mally altered crust, apply a tracer mass balance inversion
approach (Johnson and Wing, 2020), and determine the δ18OSW

of the original seawater as a proxy for crustal emergence.

Current proxies for δ18OSW come mostly from chemical
sediments, including carbonates, chert, phosphates and, since
1.7 Ga, Fe oxides (Isson and Rauzi, 2024). All these records show
a secular increase in mineral δ18O values through time, which
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has been interpreted to reflect an increase in δ18OSW from the
Proterozoic onwards or a decrease in seawater temperature
through time. Estimates of δ18OSW from the altered ocean crust
record suggests a decrease in δ18OSW from the Paleoarchean to
the mid-Proterozoic, or perhaps even as early as the
Neoarchean, with little to no change afterwards (Holmden
andMuehlenbachs, 1993; Muehlenbachs et al., 2003; Pope et al.,
2012; Zakharov and Bindeman, 2019).

In this contribution, we estimated δ18OSW from two loca-
tions: Sturgeon Lake, Canada (∼2735 Ma) and the Pecos
Greenstone Belt, USA (∼1720Ma). Both sites are associatedwith
volcanogenic massive sulfide (VMS) deposits, which are pro-
duced via hydrothermal circulation of seawater through oceanic
crust.We used bulk rock δ18Omeasurements from each site (402
at Sturgeon Lake, 45 at Pecos) along with estimates of alteration

temperature (Mg in chlorite for Pecos and O isotopes from
Sturgeon) in an inverse model to estimate δ18OSW. We find that
δ18OSW decreased from approximately þ3 to þ4 ‰ at 2735 Ma
to a near-modern value of−0.2‰ by∼1720Ma.We discuss two
scenarios that could drive such a shift: continuous or punctuated
continental emergence.

Estimating δ18OSW via Inversion of
Hydrothermal Systems

Hydrothermal alteration of oceanic crust is a well understood
process (Seyfried and Mottl, 1982). The interaction of water
and rock at temperatures ranging from bottom water (>2 °C)
to peak temperatures of approximately 350–400 °C in oceanic
crust causes mineralogical changes, redistribution of elements,
and exchange of oxygen isotopes between water and rock
(Muehlenbachs, 1998). At low temperatures and shallow crustal
depths, 18O is preferentially transferred fromwater to rock, while
for temperatures above 275–300 °C at deep crustal depths, 18O is
transferred from rock to water (Cole et al., 1987). The transfor-
mation of whole rock δ18O from an initial value to an altered
value is a function of temperature. Therefore, given independent
temperature estimates, we can perform a tracer mass balance
inversion calculation to estimate the alteration fluid’s initial
δ18O (Johnson and Wing, 2020).

This approach proceeds stepwise. We collect samples
from across the hydrothermal cell, targeting downwelling and
upwelling zones spanning hydrothermal circulation. Discharge
zones are assumed to be structurally beneath VMS deposits,
while recharge zones are typically 0.5–1 km along strike away
from the VMS deposit (Slack et al., 2009). Then, a ∼2 D cross
section is constructed of each hydrothermal system by extrapo-
lating between irregularly spaced samples into a regularly spaced
grid (Figs. 1, 2). The goal is to approximate the original geometry
of the active hydrothermal system, with the contours capturing
the full horizontal and vertical distribution of the sample set.
We contour both whole rock δ18O and alteration temperature.
Temperatures of alteration are estimated either by geothermom-
etry (Mg chlorite; Pecos, see Supplementary Information - SI) or
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Figure 1 Tracer mass balance inverse approach. When water cir-
culates through rock (leftmost panel), as at amid-ocean ridge, that
circulation causes exchange of O isotopes betweenwater and rock
in a well understood, temperature dependent manner (centre left
panel). The geometry of patterns of O isotopes produced during
circulation may be changed as the rock section ages, undergoes
uplift, etc. (centre right panel).We then sample acrossmodernout-
crops/drill cores, attempt to reconstruct the original geometry, and
use this approximation of original isotope and temperature pat-
terns as the basis for inversion (rightmost panel).

Figure 2 Contoured cross sections of oxygen isotope and alteration temperature for Pecos, NM, USA and Sturgeon Lake, Ontario, Canada.
Samples are shown inwhite circles, grid used in inversion is outlined by the black stars. Cross sections are reconstructed fromoutcrop anddrill
core samples to approximate the full hydrothermal cell.
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linking distribution of specific mineral phases/mineral pair O
isotopes to associated formation temperatures (Sturgeon
Lake, see SI).

Then, using δ18O and temperature inputs, we apply stan-
dard linear regression inversion techniques, applying total fluid
and oxygen mass balance, to estimate the total fluid required to
produce alteration. We use the estimate of total fluid to calculate
a fluid/rock ratio (F/R) for the hydrothermal system (see Johnson
and Wing, 2020). Key inputs into the inversion include temper-
ature of alteration and initial rock δ18O (δ18Oi). Initial rock δ18O
value is based either on geologic setting (e.g., mantle derived
melts are ∼5.5 ‰) or on analyses of the least altered samples,
determined petrographically. Using the estimate of fluid/rock
(F/R) ratio from the inversion, we calculate the fluid’s initial
δ18O value (δFiÞ:

δFi =
ðδRf − δRiÞ

F=R
+ δRf + ΔR−F

where δRf and δRi are the final and initial rock δ18O values aver-
aged over the cross section. ΔR−F is the average temperature of
alteration (Taylor, 1977). This approach was tuned and validated
by Johnson and Wing (2020) on Cenozoic sites of known sea-
water and forward models. We run the inversion the same num-
ber of times as there are samples, removing a random sample
each time (“leave-one-out”) to estimate uncertainty. While we
assume isotopic equilibrium, during original method develop-
ment we also inverted model results that assumed kinetic equi-
librium (Johnson and Wing, 2020). In both equilibrium and
kinetic cases, the inversion reproduced incoming fluid δ18O.
This approach is purely retrospective. It estimates total fluid
required for alteration based on the average conditions over
the lifetime of the hydrothermal cell.

Sample Sites and Results

Sturgeon Lake. The Sturgeon Lake caldera, ∼2735 Ma, is located
in the Sturgeon Lake greenstone belt, a central part of the
Wabigoon sub-province in the Archean Superior Province
(Fig. S-1; SI). Caldera rocks are primarily felsic, quartz-rich pyro-
clastic flows with associated VMS deposits. Although the area
underwent greenschist-lower amphibolite facies metamor-
phism, oxygen isotope values retain primary information related
to initial hydrothermal alteration (Holk et al., 2008). Isotope con-
tours define the direction of fluid flow during hydrothermal
alteration.

We use oxygen isotope data and temperature estimates
centred on the Biedelman Bay intrusive complex (Holk et al.,
2008). The δ18Oi at Sturgeon Lake has been estimated between
6–8 ‰, based on analyses of δ18O in zircons (SI). Whole rock
δ18O values range from 1.2 to 17.9‰, with a precision of 0.2‰.
Temperatures of alteration were estimated using mineral pair
fractionations with modelled bulk rock for basalt and rhyolite
(Holk et al., 2008). This approach produces temperature esti-
mates that are either low (130–240 °C) or high (175–300 °C),
depending on model assumptions.

To account for uncertainty in temperature and initial rock
δ18O, we performed the tracer mass balance inversion in four
iterations: low (6 ‰) and high (8 ‰) δ18Oi with either low or
high alteration temperature estimates. In each iteration, we still
perform “leave-one-out”, running the inversion the same num-
ber of times as there are samples and removing a random sample
each time. We then took the mean and standard deviation
from all four iterations, and suggest that seawater δ18O was
and 3.8 ± 0.4 ‰ (1σ) (Fig. 2).

Pecos. The Pecos greenstone belt occupies the southern
end of 1.8–1.7 Ga Precambrian supracrustal rocks that extend
into Colorado and Wyoming, USA (Slack et al., 2009). The
greenstone belt, comprised of bimodal metavolcanics and meta-
sedimentary rocks regionally metamorphosed to greenschist-
lower amphibolite facies (Slack et al., 2009), occupies a
∼650 km2 area northeast of Santa Fe and is bounded in the west
by the north-northeast running Picuris-Pecos fault.

We focused on a sample site near the Pecosmine that pre-
serves strong evidence of hydrothermal activity. The area,
Willow Creek, comprises a bimodal suite of volcanic rocks (80 %
basalt–20 % rhyolite) that likely represent the remnant of a
back arc basin or evolved island arc emplaced at ∼1.72 Ga
(Slack et al., 2009). Syn-volcanic hydrothermal circulation
produced VMS deposits, including at the Pecos mine site. We
collected a series of outcrop and drill core samples from the
New Mexico Geological Survey for oxygen isotope analyses and
chlorite geothermometry (Fig. S-1, SI).

Whole rock δ18O values were measured using laser fluo-
rination at the Center for Stable Isotopes at the University of
NewMexico (Sharp, 1990).Measuredwhole rock oxygen isotope
values range from 2.2 to 9.3‰, with a precision of ±0.6‰ based
on repeat analyses of an olivine standard (SCO; SI).We assumed
initial rock δ18O to be 7.1 ‰, which was the measured value of
the least altered sample, determined petrographically. Alteration
temperatures were determined for a subset of samples using Mg
in chlorite geothermometry (Jowett, 2021), using the Electron
Microprobe facility at the University of Wisconsin Madison
(SI). Temperatures determined using chlorite thermometry
ranged from350–375 °C,with uncertainty of ±20 °C (1σ). Aswith
Sturgeon Lake, we assigned an estimated alteration temperature
for each sample based on observed correlation between δ18O
and Mg in chlorite temperatures (SI).

To account for analytical uncertainty in these samples, we
performed the tracer mass balance inversion (with “leave-one-
out”) for five iterations, all assuming δ18Oi= 7.1‰: (1) nominal,
with mean values for all sample δ18O and Mg chlorite temper-
atures, (2) upper estimate (i.e. mean plus uncertainty) sample
δ18O, and Mg chlorite temperatures, (3) lower sample (i.e.mean
minus uncertainty) δ18O and Mg chlorite temperatures, (4)
upper δ18O and lower Mg chlorite temperatures, and (5) lower
δ18O and upper Mg chlorite temperatures. As with the previous
section, we report the mean seawater δ18O from these five iter-
ations, which we find to be 0.3 ± 1.2‰ (1σ) (Fig. 2). The uncer-
tainty at Pecos is higher than at Sturgeon Lake primarily due to
lower sample numbers.

Near-Modern Emergence by the
Paleoproterozoic

Previous work estimated δ18OSW at ∼3240 Ma to be 3.3 ± 0.1‰
(Johnson and Wing, 2020). We find a similar value at Sturgeon
Lake, with δ18OSW of 3.8 ± 0.4 ‰ at ∼2735 Ma, and a near-
modern value at Pecos (∼1720 Ma) of 0.3 ± 1.2 ‰ (Fig. 3).
This decrease can be explained by the emergence of continental
crust with associated weathering and sequestration of 18O
(Johnson andWing, 2020). The timing of widespread emergence
suggested by our results is consistent with estimates fromO iso-
tope composition of shales (Bindeman et al., 2018), the presence
of large passive margins (Bradley, 2008), and calculation of heat
production in Archean lithosphere (Reimink and Smye, 2024).

To investigate how emergence could cause changes in
δ18OSW, we calculated two potential evolutionary curves of
δ18OSW based on a steady state model (Muehlenbachs, 1998).
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This steady state model estimates total water-rock fluxes and
associated isotopic fractionations based on the modern Earth,
and includes high and low temperature alteration, subaerial
weathering, effects during continental growth, and water recy-
cling into and out of the mantle. We used water flux and frac-
tionation values directly from the original manuscript except
we increased fractionation during subaerial weathering (12 ‰)
to produce amodern, ice free ocean at -1‰ (Johnson andWing,
2020). We assume no change in the proportion of high to low
temperature submarine alteration over time (SI).

We then run this steady state model without any
continental fluxes initially, then increase themover Earth history.
We produce two scenarios of continental emergence (Fig. 4): (1)
relatively smooth, continuous growth of continental crust and
implied emergence from between 3 to 1 Ga (Reimink et al.,
2023; Reimink and Smye, 2024), or (2) a punctuated model with
weathering fluxes normalised to the abundance of detrital zircon
ages over time (zircon ages from Puetz et al., 2024). We detail our
steady state model calculations in the SI. Zircon abundances
have been de-trended, assuming 97 % survival rate per 30 Myr
time bin (Puetz et al., 2024).

Both scenarios (continuous emergence, punctuated) are
consistent with relatively high δ18OSW in the Archean, until
about 3 Ga. High δ18OSW is maintained by limited continental
weathering. The δ18OSW then decreases in both scenarios,
although at slightly different times. The continuous model

decreases between 3 to 1 Ga, while the punctuated model
decreases towards modern δ18OSW between 3–2.7 Ga, increases
to ∼2 ‰ between 2.7–2.3 Ga, and then decreased in an oscilla-
tory pattern towards modern values by 0.8 Ga.

If δ18OSW followed either of these evolutionary pathways,
modern valueswere present by theMesoproterozoic. Approxim-
ately 25–35% of the modern sedimentary rock volume would be
a sufficient sink for 18O to cause ∼4 ‰ decrease between the
Archean and end of the Proterozoic (Johnson and Wing,
2020). The two scenarios differ in δ18OSW in the late Archean.
Perhaps the first peaks in the detrital zircon record reflect
continental crust growth thatwas not associatedwith emergence
and weathering. That is, continental growth and weathering
were not coupled until the end of the Archean and throughout
the Proterozoic. While growth is a prerequisite for emergence,
they may not necessarily occur at the same time.

Conclusions

We used tracer mass balance inverse modelling of sections of
altered ocean crust to estimate δ18OSW during the Neoarchean
through Paleoproterozoic. By analysing data from Sturgeon
Lake, Ontario, Canada and Pecos, NM, USA, we estimate that
OISW decreased fromþ3‰ toþ4‰ to∼0‰ between 2.7 and
1.72 Ga.

(b)(a)

Figure 3 Histograms of ‘leave-one-out’ inversions showing both estimated initial (a) fluid δ18O, and (b) fluid-rock ratio. Inversions are per-
formed the samenumberof times as there are samples at a given location, removing a randomsample each time to constrainuncertainty, for
a series of iterations at each site spanning temperature and/or starting rock δ18O values.

δ

Figure 4 Estimates of seawater δ18O from altered ocean crust (green rectangles; Gregory, 1991; Holmden and Muehlenbachs, 1993; Pope
et al., 2012) previous (black circles, Johnson andWing, 2020), and this study’s, tracer mass balance inversion estimates (orange circles). Also
shown are abundance of detrital zircon ages in 30Myr time bins (Puetz et al., 2024) and two seawater δ18O evolution curves (Muehlenbachs,
1998): (1) continuous crustal growthandemergence (gray dashed line), and (2) punctuated curvedrivenby zircon abundance (orangedashed
line). Seawater evolution curves are shown with ±1 ‰ envelopes, equivalent to observed changes in the δ18OSW during Pleistocene glaci-
ations (Schrag et al., 2002).

Geochemical Perspectives Letters Letter

26Geochem. Persp. Let. (2025) 38, 23–28 | https://doi.org/10.7185/geochemlet.2551

https://www.geochemicalperspectivesletters.org/article2551/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2551/#Supplementary-Information
https://doi.org/10.7185/geochemlet.2551


This decrease could be caused by emergence of landforms,
with associated weathering and sequestration of 18O into weath-
ered continental crust. We demonstrate, through an δ18OSW

steady state model, that such a mechanism can indeed cause
the observed drop in δ18OSW. We present two potential
δ18OSW evolutionary curves, continuous and punctuated.
These curves are driven either by steady crustal growth and
emergence or growth and emergence that varies, as reflected
in the detrital zircon record. These two reconstructions suggest,
when compared with tracer mass balance estimates, decoupled
continental growth and emergence until the end of the Archean
and throughout the Proterozoic. Only after substantial crustal
growth has occurred is emergence likely, reflected in the
decrease in δ18OSW.
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