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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. S1. 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 δ18O

Using the approach of (4), we calculate steady-state seawater δ18O values with:

δWsteady-state ≡ [Σki(δ
o
i − ∆i)]/Σki (Eq. S1)

where the ki are rate constants normalized to modern ocean mass, the δoi are starting rock δ18O values, and the

∆i are the bulk O-isotope fractionation factor between different rock reservoirs (i) and water (Table S1). Impor-

tant O-isotope exchange fluxes on geological timescales are shown in Figure S4 and include: high-temperature

and low-temperature alteration of oceanic crust, continental weathering, and recycling of continentally-derived

water in subduction zones.
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Figure S1: Water/rock ratio results of ‘leave-one-out’ inversions, removing one sample each time for all syn-
thetic datasets (1; 3; 2).
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Figure S2: Results of ‘leave-one-out’ inversions, removing one sample each time for all synthetic (1; 3; 2).
Each set of inversions has the same number of runs as there are samples for each set. Arrows indicate imposed
incoming fluid δ18O, and inset shows the Wing & Ferry and Cathles models on the same isotopic scale as the
crustal sections in Fig. 2.
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Figure S3: δ18O and temperature contours for all datasets, with oxygen isotope in h. 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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Table S1: Values used in Equations Eq. S1 -Eq. S2 to calculate seawater δ18O over time. All values except
∆ for continental weathering and Archean high temperature alteration are from (5). We adjusted continental
weathering to reproduce a −1h modern ocean, and adjusted high temperature alteration to shift from 1.4 to
4.1h for the middle continental emergence scenario. All other scenarios use 4.1h for this fractionation factor.
All ki 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 ki (Gyr−1) ∆ (h) δo (h)
Continental Weathering 8.0 13 7.8
Continental Recycling 1.2 9.8 7.8
High Temperature alteration 14.6 1.6 − 4.2 5.5
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 δ18O of seawater, assuming at each time point ki, δoi , and ∆i

are held constant and starting ocean δ18O (δWo) is 7h:

δW = (δWo − δWsteady-state)e
−Σkit + δWsteady-state (Eq. S2)

The continental fluxes are “turned on” at 3 Ga, consistent with initial continental emergence at this time

(Fig. S5), 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 δ18O, while those in italics are not considered to be important isotopically for the long-term evolution
of seawater δ18O.
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