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ABSTRACT

INTRODUCTION

The advent of isotope geology as an empiri-
cal science evoked a hope for a tool that would
enable estimation of the temperature of ancient
oceans on geological time scales via measuring
oxygen isotopic composition in ancient marine
shells (Urey et al., 1951). Initially, the imme-
diate success of this technique in Quaternary
studies (Emiliani, 1955) appeared to justify
these expectations, but subsequent results from
ancient carbonate rocks (e.g., Baertshi, 1957;
Degens and Epstein, 1962; Keith and Weber,
1964; Veizer and Hoefs, 1976) demonstrated
large declines in calcite oxygen isotope values,
8'%0,, from ~31%0£2%0 SMOW (Standard
Mean Ocean Water) today to some 15%o + 5%o
in the Archean, with about half of this shift at-
tributable to Phanerozoic time (Fig. 1). Because
post-depositional diagenetic alteration (Gross,
1964) or higher-temperature recrystallization of
carbonate phases usually leads to '3O depletion,
the early consensus maintained that the secular
trend is due principally to post-depositional re-
setting of the oxygen isotope signal, with the
degree of shift proportional to the age of the
samples (see Land [1995] versus Veizer [1995]).
Yet, the amplitude of this shift exceeds the ranges
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typical of diagenetic systems. Moreover, the
Phanerozoic evolution of skeletal organisms
enabled replication of the secular trend even
for single-component samples, such as shells
composed exclusively of the relatively diage-
netically resistant low-Mg calcite (Fig. 1; Veizer
etal., 1999). In addition, parallel secular trends,
offset by their mineral-specific fractionation fac-
tors, have been documented also for siliceous
(e.g., Perry, 1967; Knauth and Epstein, 1976;
Kolodny and Epstein, 1976; Knauth and Lowe,
1978) and phosphatic (e.g., Longinelli and Nuti,
1968; Kolodny and Luz, 1991; Song et al., 2019)
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Figure 1. §'®0, (c—carbonate) data from Veizer and Prokoph (2015, their appendices) for the
Phanerozoic (red dots). Because of the uneven distribution of 58,532 samples, a Gaussian
moving average with a 5 m.y. window (comparable to the temporal resolution of stratigraphic
biozones) has been applied (see the Data Repository [see footnote 1]) to calculate their means
and associated 1c intervals (gray area). Black curve is the spline function resampling these
data. Dashed black line is a Phanerozoic linear trend (1%. in §'°0, for every 72.7 m.y.; R? = 92.5%).
Apparent paleotemperatures are for information only. Inset: The extension (black dots) of
the §'®0, trend, and associated cubic smoothing spline (black line with associated spread of
values shaded in gray) to 3.5 b.y. of planetary history from Kasting et al. (2006). Geological
time scale from the International Commission on Stratigraphy (Cohen et al., 2013; updated
in 2018). SMOW—Standard Mean Ocean Water; Ordo.—Ordovician; Sil.—Silurian; Carbo.—
Carboniferous; Paleog.—Paleogene; Ng.—Neogene; PDB—Peedee belemnite.
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minerals and shells. All of this demonstrates that
the 8'80 secular trends are primary features of
the geologic record, where the secondary reset-
ting phenomena contribute only superimposed
scatter, mostly within the secular bands.

HYDROSPHERE-LITHOSPHERE
COUPLING

On geological time scales, seawater 8'*0
(8"0,,) is controlled by circulation of water
through, and exchange of oxygen with, the
silicate rocks of the crust and upper mantle. In
modern oceans, seawater reacting with silicate
minerals in hydrothermal systems at tempera-
tures exceeding some 350 °C becomes enriched
in 180, and at colder temperatures, depleted in
this isotope. The §'%0,, at any given time is
therefore believed to represent a balancing act of
these competing fluxes. The models that simu-
late secular oxygen isotopic evolution of seawa-
ter vary in complexity, with the number of fluxes
and related phenomena increasing from 4 to 17
from the older to the younger attempts. They
disagree in outcome, with some authors argu-
ing that 80y, over the entirety of geologic his-
tory was buffered at near-modern values of ~0%o
SMOW (Muehlenbachs and Clayton, 1976; Hol-
land, 1984; Gregory and Taylor, 1981; Muehlen-
bachs, 1986; Gregory, 1991; Jean-Baptiste et al.,
1997; Lécuyer and Allemand, 1999), while oth-
ers proposed model adjustments that contested
this supposition (Walker and Lohmann, 1989;
Wallmann, 2001, 2004; Kasting et al., 2006; Jaf-
frés et al., 2007). Regardless of the outcome,
all have accepted the notion that the principal
transfer of '30 between hydrosphere and litho-
sphere is achieved via hydrothermal systems
associated with oceanic ridges and their flanks,
along the lines of the model originally proposed
by Muehlenbachs and Clayton (1976) where
the “buffering” is attributed to the reversal of
oxygen isotope alteration signature in modern
oceanic crust, and its ancient analogues, at the
depth of the 350 °C thermocline.

Due to this assumption, a multitude of
studies published over the last four decades
inadvertently had to resort to violation of the
actualistic principle by invoking geologically
and/or ecologically improbable (Storch et al.,
2014; Veizer and Prokoph, 2015; Reddin et al.,
2018) hot ancient oceans. While accepting the
conceptual validity of the Muehlenbachs and
Clayton (1976) model, we argue that it is not the
claimed or potential masses of altered rocks but
rather the fluxes of water that circulate through
the respective temperature domains that modu-
late ocean chemistry.

WATER FLUXES

Today, the energy flux from the interior of
the earth is estimated to be ~47 TW (Davies and
Davies, 2010), with three-quarters dissipated
via oceanic crust, and 15% associated directly
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with hydrothermal systems on submarine ridges
and their flanks (Stein and Stein, 1994). Con-
straints of this energy budget imply that the hot-
temperature (axial and flank-entrained) water
flux is ~48 x 10" kg/yr, while the off-axis low-
temperature one is 1-4 x 10'¢ kg/yr (German
and Von Damm, 2006, their table 1). The cold
flux swamps the hot one by two orders of mag-
nitude, and more if the interaction over the en-
tire ocean floor is taken into account (Coogan
and Gillis, 2018). Attempting to close the gap
by invoking '®O-enriched high-temperature re-
flux at the opposite end of plate tectonic con-
veyor belt is not a solution because the water
flux due to subduction magmatism, estimated
at ~10''-10" kg/yr (Wallace, 2005; Parai and
Mukhopadhyay, 2012), is short by at least four
orders of magnitude. This huge discrepancy
casts serious doubts on the prime assumption of
all models based on a balance of countervailing
hydrothermal fluxes. For specific components
and isotopes, the balance can be claimed via
kinetics of alteration that is exponentially scaled
to temperature (Cole and Chakraborty, 2001),
but this is of little import for oxygen isotopes
when practically 99% of the entire rock-water
exchange in the oceanic crust proceeds within
the '*O-consuming cold-temperature hydrother-
mal regime. Considering that this massive low-
temperature flux, essential also for major and
trace element budgets of the oceans (Staudigel,
2003; Coogan and Gillis, 2018), can theoreti-
cally recycle an equivalent of the modern ocean
water mass (1.4 X 10?! kg) in ~10° yr, it is diffi-
cult to escape the conclusion that '30 is stripped
from water and transported into the mantle via
subduction of altered oceanic crust. Moreover,
the original hydrosphere outgassed by the planet
would have acquired 80, of the chondritic
bulk earth, ~7%o0 = 1%0 SMOW, comparable to
empirical values for “primordial”, “juvenile”,
or “magmatic” waters (Hoefs, 1997). Its sub-
sequent evolution would then have to have led
somehow to its present-day value of 0%0 SMOW.
Our scenario can provide an explanation both for
80 of modern seawater and for even greater
180 depletion expected for times of more active
tectonics in the geological past. The pervasive
silicification (chertification) and carbonation
overprint of ancient greenstone lithologies,
such as the 3.4 Ga Onverwacht group (Knauth
and Lowe, 1978), is the vestigial relic of such
extensive hydrothermalism on the young Earth.

In summary, unless the high-temperature
hydrothermal cells prove to be grossly under-
estimated, it appears likely that the long-term
secular evolution of 8'*0, has been modu-
lated chiefly by the declining off-axis low-
temperature alteration flux that has gradually
diminished its excess over the countervail-
ing high-temperature phenomena, '*O buildup
toward the present-day value of 0% SMOW
being an outcome. '*O-depleted ancient

oceans were therefore the norm, with the
isotopic depletion gradually diminishing as
the internal energy of the planet wanes, poten-
tially even reverting to a “primordial” value
of ~7%0 SMOW with future cessation (e.g.,
Vérard et al., 2015a) of plate tectonic activ-
ity. The secular trend in 80, (Fig. 1 inset)
is an empirical reflection of such evolution.

ALTERNATE SCENARIO TO THE HOT
OCEAN SCENARIO

Our interpretation could potentially be ne-
gated by independent direct—as opposed to in-
directly inferred—paleotemperature estimates,
such as from “clumped isotopes”, that are appar-
ently consistent with the hot-ocean alternative.
For example, early Paleozoic phosphatic shells
(Bergmann et al., 2018) yield apparent tempera-
tures of 29-52.3 °C. Note, however, that the cal-
culated 80, for even the coldest (29 °C) shell
sample is then + 2.3%0 SMOW, and such or even
more positive values (usually a signal of altera-
tion) are the norm, not exceptions (Bergmann
etal., 2018, their table 2 and figures 10 and 11).
Because the most likely cause for positive shift
in 8'%0 of open-ocean seawater is the storage of
180 in massive ice caps, the temperatures derived
from clumped isotopes require that the Ordovi-
cian oceans not only were hot but apparently co-
existed with ice caps (Finnegan et al., 2011) that
were twice the size of those of the Last Glacial
Maximum, a pure ad hoc postulate. The need
to resort to such an exotic interpretation argues
that clumped-isotope systematics, unquestion-
ably a desirable and promising new tool, is still
a technique in developmental stages, and its
advantages and limitations have yet to be estab-
lished. Note also that the clumped-isotope ther-
mometer routinely yields elevated temperatures,
even for “pristine” modern shells (Bergmann
et al., 2018, their figure 5; Zaarur et al., 2011;
Wang et al., 2016). At this stage, the meaning
of the “temperature” estimates by this technique
is still open to debate, as is the resistance of
this isotope system to solid-state atomic-scale
reordering down to low diagenetic temperatures,
the stage at which newly deposited shells that
initially harbor many impurities and dislocations
are particularly vulnerable (Veizer and Prokoph,
2015). The need for reinterpretation of the geo-
logical context by invoking exotic calcification,
paleoenvironmental and geological phenomena,
may not then arise.

PLATE TECTONIC DRIVER

Our scenario posits a relationship between
plate tectonics and oxygen isotopic composition
of seawater where, over geologic history, the
decline in tectonic activity retards the transfer
of O from seawater into the subducting oce-
anic crust, thus generating the progressively
heavier 6'*0,, and 8'*0,. With our resolution
of 5 m.y. (see the caption of Figure 1 and the
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GSA Data Repository!), the proposition should
theoretically be tested over a 10’-10° yr time
span, but the record of desired quality for oxygen
isotopes is presently available only for the Pha-
nerozoic (Fig. 1), and for the oceanic crust, oblit-
erated by the Jurassic, it is shorter still. For the
latter, therefore, we have to base our discussion
on model evaluation of proxy data. The UNIL
plate tectonic model (developed by the geody-
namic group at the University of Lausanne, Swit-
zerland; https://www.unil.ch/iste/fr/home.html)
over three decades (Stampfli and Borel, 2002;
Hochard, 2008; Vérard et al., 2015a, 2015b; Vé-
rard, 2018) reconstructed 100% of Earth’s sur-
face back to the Neoproterozoic. Following the
precepts of plate tectonics, the model projected
the positions of 1046 “geodynamic units” into
48 time slices, which in turn has enabled calcula-
tion of derivative temporal parameters, such as
the ages and rates of generation and destruction
of oceanic crust (Vérard et al., 2015a, 2015b).
Consistent with our scenario, the results indeed
point to decelerating tectonic activity, with the
first-order linear “tectonic activity” index (Vé-
rard et al., 2015a) declining by a factor of 2.4,
from ~8.5 to 3.5 km?/yr over the Phanerozoic
(Fig. 2), coincident with ~8%o * 2% rise in 'O
(Fig. 1). Extrapolating this gradient into the Ar-
chean, the 8'*0 of ~—15%o (Fig. 1 inset) then
translates into a factor of 4.5 £ 1.5, in reasonable
agreement with model estimates for the declin-
ing heat-flow regime of the Earth (Condie, 2003,
his figure 5.1).

PHANEROZOIC OCEAN
TEMPERATURE

Subtraction of the long-term component from
the secular 8'%0, trend yields a detrended pat-
tern of residual oscillations on 107 yr time scales
(Fig. 3). Its cross-correlation with the 107 yr os-
cillations in the detrended plate-tectonic signal
is, however, poor (R? = 48.5%), suggesting that
on time scales shorter than 108 yr, tectonics im-
pacts the oxygen isotope signals only marginal-
ly, if at all. The superimposed higher-order 8'*0,
oscillations (Fig. 3) are therefore more likely
proxy signals of Phanerozoic climate history.
The detrended pattern in Figure 3 is a stationary
time series with oscillations ata 107 yr frequen-
cy and an overall amplitude of 5%, or ~20 °C.
If climate related, the pattern may be generated,
singly or in concert, by ice-volume (icehouse-
greenhouse) effects or by temperature of seawa-
ter. Because the ice-volume correction of 8'*Q,,
can account for only a small portion, <~1%o or
<4 °C (Werner et al., 2016), of the observed
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Figure 2. Global temporal parameters derived from the UNIL plate tectonic model (developed
by the geodynamic group at the University of Lausanne, Switzerland; Vérard et al., 2015a) with
the same resolution as isotope data (5 m.y.): global mean age of the ocean floor (blue curve)
and global mean “tectonic activity” (red curve). The slopes of the associated first-order linear
trends (dashed lines) are significant at the 99% confidence level (Mann-Kendall trend test;
see the Data Repository [footnote 1]). The index of mean “tectonic activity” averages the mean
accretion rate at mid-oceanic ridges and the mean subduction rate at trenches (Vérard et al.,
2015a), which differ marginally in detail because the UNIL model excludes from those rates the
areas of rifting and collision zones (i.e., in continental areas). Note that the y-axis for “tectonic
activity” is inverted. Geological time scale from the International Commission on Stratigraphy
(Cohen et al., 2013; updated in 2018). Ordo.—Ordovician; Sil.—Silurian; Carbo.—Carbonifer-
ous; Paleog.—Paleogene; Ng.—Neogene.
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Figure 3. Linearly detrended §'®O, (c—carbonate) data (black line; +1c in gray; from the same
data as per Figure1). Note that the y-axis for the §'®O, data is inverted to project increases in
temperature upward. Geological time scale from the International Commission on Stratigra-
phy (Cohen et al., 2013; updated in 2018). Cb.—Cambrian; Ordo.—Ordovician; Sil.—Silurian;
Carbo.—Carboniferous; Paleog.—Paleogene; Ng.—Neogene.

IGSA Data Repository item 2019319, all resa-
mpled data (every 5 m.y.) and associated statistics,
is available online at http://www.geosociety.org/
datarepository/2019/, or on request from editing@
geosociety.org.

amplitudes, seawater temperature variations are
the most likely culprit. The paleotemperature
pattern for low-latitude shallow Phanerozoic
oceans (Fig. 3) is a stationary time series, 0s-
cillating between 10 and 30 °C around a baseline
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of 17 °C, well within the range of temperatures
of modern seawater (Abraham et al., 2013). Note
nevertheless that our database, resampled with
5 m.y. resolution, cannot exclude the possibility
of more extreme events at smaller temporal and

883


http://www.geosociety.org
https://www.unil.ch/iste/fr/home.html
http://www.geosociety.org/datarepository/2019/
http://www.geosociety.org/datarepository/2019/
http://www.geosociety.org/datarepository/2019/

spatial scales. Note also that potential inclusion
of somewhat altered samples, not recognized by
our screening procedures, may bias the means
toward warmer values because alteration almost
invariably results in 'O depletion. Considering
the huge size of our database, the impact on
the mean values for most subpopulations with a
large number of samples is minimal. This may,
nevertheless, be of concern for time intervals
that have a large spread of values and large O'8-
depleted tail. The early Permian peak (Fig. 3)
may be a potential candidate.

Phanerozoic climate reconstructions based
on geological and biological climate indicators
(Frakes et al., 2003; Scotese et al., 2016), essen-
tial for “ground truth” validation of proxy paleo-
thermometry, are by their nature only qualitative
to semiquantitative descriptive summaries that
are not easily translatable into numerical values.
The two clearly dominant isotope temperature
peaks, in the Cambrian to early Ordovician and
the middle to Late Cretaceous (Fig. 3), are in
good agreement with geological paleoclimate
reconstructions. The less-pronounced oscilla-
tions—the cooling in the Ordovician, the warm
mid-Paleozoic, the cooling during the Carbon-
iferous, the hot late Permian and early Triassic
followed by an overall cooling trend from the
Triassic into the early Cretaceous, the warm late
Cretaceous turning into another overall cool-
ing trend during the Cenozoic—are all in broad
agreement with interpretations based on field
paleoclimate indicators, particularly if the un-
certainties in temporal correlations of the two
approaches are taken into account. Nevertheless,
even though the general agreement of the two
approaches—oxygen isotope thermometry and
field observations—is encouraging, we wish to
empbhasize that translation of isotope amplitudes
into temperature still requires more precise veri-
fication and calibration.

In summary, the oxygen isotope signal of
past seawater appears to be firmly embedded in
the larger picture of planetary evolution driven
by declining internal heat dissipation over the
eons of geologic time. The secular trends for
0'*0 in marine sediments (carbonates, cherts,
phosphates) are proxy signals of this evolution,
and future empirical advances may enable ap-
plication of the approach beyond the Phanero-
zoic, into the hazy Precambrian storage of some
four-fifths of the planetary history.
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