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Buffering of mantle conditions through water
cycling and thermal feedbacks maintains
magmatism over geologic time
Johnny Seales 1✉, Adrian Lenardic1 & Mark Richards2

The Earth has remained magmatically and volcanically active over its full geologic history

despite continued planetary cooling and a lack of thermal equilibrium in the mantle. Here we

investigate this conundrum using data-constrained numerical models of deep-water cycling

and thermal history. We find that the homologous temperature - the ratio of upper mantle to

melting temperatures - initially declined but has been buffered at a nearly constant value

since 2.5-2.0 billion years ago. Melt buffering is a result of the dependence of melting

temperature and mantle viscosity on both mantle temperature and water content. We show

that thermal and water cycling feedbacks lead to a self-regulated mantle evolution, char-

acterised by a near-constant mantle viscosity. This occurs even though the mantle remains

far from thermal equilibrium. The added feedback from water-dependent melting allows

magmatism to be co-buffered over geological time. Thus, we propose that coupled thermal

and water cycling feedbacks have maintained melting on Earth and associated volcanic/

magmatic activity.
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It has long been noted that the temperature of Earth’s shallow
mantle is remarkably close to the melting temperature of
rock1. This is reflected in Fig. 1a, which plots the Earth’s

average temperature versus depth profile (the geotherm) and rock
melting temperatures (the solidus). The proximity of the geo-
therm and the solidus could be a coincidence. Alternatively, the
closeness of the two profiles likely reflects some form of feed-
back(s) that allow the Earth’s cooling and magmatic potential to
be co-buffered. Magmatic/volcanic regulation over geologic time
has not generally been considered. However, data constraints on
melt fraction from continental arcs indicate that magmatic/vol-
canic regulation is a viable hypothesis (Fig. 1b). The melting data
from Keller and Schoene2 are consistent with the the idea that
Earth experienced a decline in magmatic potential since early in
its history, leveling off to quasi-steady state around 2.0 to 2.5
billion years ago. A quasi-steady state evolution in the face of
continued planetary cooling requires some form of regulating
feedback(s). This connects magmatic history to another long-
standing issue: Are Earth’s thermal and dynamic evolutions self-
regulated?

A class of planetary cooling models does allow for thermal self-
regulation3–5. A feedback between temperature and planetary
cooling rate, facilitated by the temperature-dependence of mantle
viscosity, allows the internal temperature of Earth to track the
decay of radiogenic heat sources. This maintains the ratio of heat
generation to heat loss, termed the Urey ratio (Ur), near unity.
However, this regulation mechanism is not directly connected to
magmatic evolution1. More problematic, such models cannot
account for updated constraints on Earth’s cooling history6,7. In
particular, data constraints place Ur between 0.2 and 0.58, i.e.,
heat loss and heat generation are far from equilibrium.

Self-regulation relates to the reactance time of the solid
planet9,10. Reactance time characterizes responses to deviations
from a secular cooling trend. The secular trend is associated with
the time scale over which the driving energy source for mantle
convection changes due to radiogenic decay. Cooling histories
that allow for thermal self-regulation have short reactance times
relative to the decay time. Short thermal reactance times cannot
lead to low Ur values, as they damp large deviations from thermal
equilibrium. This, in turn, has been used to argue that mantle
convection is not self-regulated, which has implications not only
for understanding our own planet’s evolution, but also for com-
parative planetology9. Although this argument is robust for

thermal self-regulation, it does not rule out self-regulation
altogether.

The ability of a planet to self-regulate depends on a relation-
ship between the vigor of mantle convection, as characterized by
the mantle Rayleigh number (Ra), and convective heat flux (Nu).
That relationship is given by

Nu � Raβ ð1Þ
where

Ra ¼ ρgαΔTZ3

κη
ð2Þ

where ρ is the density, α is the thermal expansivity, g is the
acceleration due to gravity, ΔT is the driving temperature, Z is the
thickness of the convecting layer, κ is the thermal diffusivity, and
η is the mantle viscosity. Models that allow for thermal self-
regulation invoke a strong relationship between Nu and Ra3, that
is, β values near the high-end limit of 1/35. Physically, this means
that mantle viscosity is the dominant resistance to tectonic plate
overturn. Conceptually, the regulating feedback works as follows:
If fluctuations cause heat flux to become low relative to internal
heat generation then the mantle will heat up, viscosity will
decrease, and heat flux will increase (due to increased convective
vigor as a result of lower viscous resistance). The feedback
operates on a short time scale relative to secular radiogenic heat
source decay. As a result, interior cooling evolves along a series of
quasi-equilibrium steps4. This is equivalent to Ur remaining near
unity. Models with β ≤ 0 can match Ur constraints as they have
long thermal reactance times that allow the Earth to remain far
from thermal equilibrium6,7,9. Low or negative β indicates that
the dominant resistance to mantle convection and plate motion
does not come from mantle viscosity, but instead from the
strength of plates and/or plate margins. This connects self-
regulation to the balance of plate tectonic forces. That balance is
not agreed upon and it is critical to developing a dynamic theory
of plate tectonics11.

Although classic thermal history studies focused on thermal
regulation, the critical assumption at their core is viscosity-
regulation. That is, changes in viscosity dominate changes in the
Earth’s Rayleigh number and, over time scales shorter than
secular decay times, viscosity, so that by association the Rayleigh
number, can be approximated as remaining constant. This is a
critical assumption in using Nu ~ Raβ scaling relationships to

Fig. 1 The extent of mantle melting is controlled by the relative position of a few thermal profiles and is constrained over Earth’s history. a The position
of the Earths mean oceanic geotherm (red) relative to the dry (green) and wet solidus (dark blue) and liquidus (light blue) of the upper mantle. The
geotherm is calculated for a present-day heat flow of 35 TW and a mantle potential temperature of 1350 °C (see “Methods”). The melting curves represent
the dry solidus39 and wet solidus15 assuming 2.5 ocean masses in the mantle. b Apparent mantle melt fraction (dots as means and bars as uncertainty)
from continental arcs over geologic history.2,28.
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begin with, as they are based on theory, experiments, and/or
numerical simulations carried out under constant Ra values12. If
viscosity depends only on temperature, then a lack of thermal-
regulation rules out self-regulation. If that is not the case then
self-regulation remains viable. The dependence of mantle visc-
osity on water opens this possibility13,14. It also allows for
potential co-regulation of mantle melting, as increasing mantle
water content suppresses the melting temperature of rock15.

The first generation of thermal history models that considered
the role of water predicted Ur values greater than one16 or
comparable to classic models17. The former enforced a net loss of
water from the Earth’s interior. The latter assumed that Ur should
be 0.8 and, as such, calibrated free parameters to keep mantle
water content nearly constant. Crowley et al.18 elegantly showed
that a larger range of behavior is possible if the system allows for
imbalances in mantle dewatering (D) and rewatering (R). Mantle
dewatering occurs at mid-ocean ridges. The rate of mantle water
loss depends on the relative positioning of the solidus and geo-
therm. Mantle rewatering occurs at subduction zones, where
descending slabs carry some of their bound water into the mantle.
How much water the slab can carry scales with its thickness,
which will increase as the mantle cools. If mantle viscosity
depends on temperature (T) and mantle water content (χ), then
the time rate of change of mantle viscosity can be written as

dη
dt

¼ ∂η

∂T
dT
dt

þ ∂η

∂χ

dχ
dt

: ð3Þ

Conservation of energy leads to

dT
dt

¼ 1
ρCpV

ðH � QsÞ ð4Þ

where Cp is the specific heat, V is the mantle volume, H is the
mantle heat production, and Qs is the surface heat flow. Con-
servation of mantle water content leads to

dχ
dt

¼ 1
ρV

ðR� DÞ: ð5Þ

Following the assumption that viscosity remains statistically
steady, relative to the time scale over which large changes occur in
internal heat generation, leads to an estimate for the Urey ratio
given by

Ur � 1�
ηχ
ηT

Cp

Qs
ðR� DÞ; ð6Þ

where ηχ ¼ ∂η
∂χ and ηT ¼ ∂η

∂T. If R exceeds D, then the Earth can be
out of thermal equilibrium and low values of Ur are viable
without requiring a weak, or negative, relationship between sur-
face heat loss and Ra. The analysis of Crowley et al.18 showed that
a lack of thermal self-regulation did not rule out the possibility of
a more general form of viscosity self-regulation. A subsequent
study used coupled thermal history and water cycling models to
show that such a mode of self-regulation could lead to cooling
paths for the Earth that are consistent with petrological data
constraints19. Those models did not address magmatic evolution,
a goal of what follows. A further limitation was that parameter
uncertainties restricted the ability to evaluate the robustness of
conclusions (i.e., self-regulation could be shown to be plausible,
but it could not be shown to be statistically likely given inherent
model uncertainties). As such, we have reformulated the forward
models into a data constrained inverse approach that allows for
the generation of a large number of successful model paths to test
the statistical robustness of viscosity self-regulation and its ability
to co-regulate magmatic potential.

In the following analysis we employ a new modeling metho-
dology to understand how changes in the deep-water cycle affect

melting of the upper mantle and regulation of mantle convection.
We describe the full model in the appendix and cover its critical
elements here. Thermal history models employ an energy balance
that tracks how mantle temperature evolves with time. Past
thermal history models have assumed a range of parameter values
and solved for thermal paths over time. Our approach differs by
integrating constraints on mantle potential temperature into our
model. We consider a suite of thermal paths that satisfy data
constraints and then invert for the associated suites of mantle
water histories, under different assumptions as to the principal
resisting forces to tectonic plate overturn. The essential insight
that allows for this methodology comes back to viscosity reg-
ulation. Mantle viscosity evolution influences a range of obser-
vables, including melt potential. If one of the factors
(temperature) that influences mantle viscosity can be constrained,
within uncertainty, then the associated evolution of another fac-
tor that influences viscosity (water) can be inverted for, subject to
added data constraints (e.g., Urey ratio, surface water volume).

The inverse methodology requires a reformulation of tradi-
tional thermal and water cycling approaches as discussed in the
appendix. It also requires a wider range of constraints. We
enforce a conservation of total water and constrain models to a
present day surface water content of one ocean mass. To further
constrain solution space, we require that present day mantle
viscosities be in the range of 1019−1021 Pa s. We enforce the
present day Ur to fall between 0.2 and 0.5. Doing so determines
the model’s present day radiogenic concentration under variable
assumptions as to the present day value of mantle heat flow (we
take 35 TW as a canonical value). The greatest strength of the
method is that it reduces the number of free model parameters. In
particular, uncertainties about the particular parameterizations of
how much water returns to the mantle via subduction and/or how
much leaves during melting do not enter directly into the inverse
methodology. Stated another way, we invert for mantle water
history paths that can match observational constraints, which
eliminates assumptions regarding mantle dewatering and/or
rewatering efficiencies. The parameter space reduction allowed us
to find a far larger number of model paths that could satisfy data
constraints as compared to the traditional forward modeling
approach. In our results we show the output of 10,000 model
evolutions that matched data constraints within the uncertainty
of the data. A similar forward modeling approach19 required
hundreds of thousands of model runs to find tens of successful
models. Those models hinted at the behavior we uncover here,
but the limited number of successful models did not allow for a
statistical analysis.

Results
To highlight the role of deep water cycling, for self-regulated
mantle convection and melt potential, it will be useful to compare
outputs of our coupled thermal and deep-water cycling models to
outputs of more traditional thermal history models that do not
account for deep-water cycling. Figure 2 shows results from the
latter class of models (i.e., models in which only temperature
affects mantle viscosity and mantle melting). A range of such
models is explored allowing for different assumptions as to the
resisting forces for tectonic plate motions20. From the full suite of
parameter variations explored, we have only selected those that
can match paleo mantle temperature constraints with a χ2 of
approximately unity (Fig. 2a). All of the models lack viscosity
buffering (Fig. 2b); mantle viscosity responds to mantle cooling
by stiffening, becoming harder to move, producing a decline in
convective vigor (Fig. 2c). The purely thermal models also lack a
buffering of magmatic potential (Fig. 2d). The solidus remains at
a fixed thermal profile. Cooling of the interior moves the
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Fig. 2 Thermal history models with deep-water cycling cannot explain melt buffering. a Thermal trajectories consistent with data constraints on mantle
temperature over geologic time (dots are means and bars uncertainties). b Mantle viscosity evolution from the models. Mantle viscosity increases by
several orders of magnitude over Earth’s history for the models, leading to a decline in convective vigor (Ra) (c). d Melt fraction paths for the purely
thermal models. None of the models allow for melt regulation and many of them predict melt shutdown having already occurred. The two distinct sets of
model curves, in the melt path results, are associated with models that assume mantle viscosity dominates resistance to plate overturn (the paths that start
with higher melt fractions) versus models that assume that plate and/or plate margin strength provides the dominant resistance (the paths that start with
lower melt fractions).

Fig. 3 Constraints on Earth’s thermal history require a change from net water loss to water gain at 2–3 Ga. Thermal trajectories consistent with Earth
data (a) used for obtaining inversion results. b Successful Ur−β parameter space colored by relative point density with higher values meaning the density
of points is larger. c Distribution of mantle water content about its median value, with the dark gray indicating values falling between the upper and lower
quartiles and the lighter gray constraining the maximal and minimal limits.
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geotherm to cooler temperatures, towards the solidus, producing
a continual decline in mantle melting.

Figure 3 shows model thermal constraints and model outputs
for coupled thermal and deep water cycling models. The set of
thermal trajectories (>250) depicted in Fig. 3a satisfied a goodness
of fit test between each trajectory and petrological data con-
straints (see appendix). The thermal trajectories served as con-
straints for our inversion scheme. We generated 10,000 successful
mantle water history inversions consistent with data constraints
by randomly sampling different combinations of β and Ur for the
full family of thermal trajectories. Data constraints require pre-
sent day Ur values between 0.2 and 0.5. Our sampling required β
take a positive value less than or equal to 0.33 but remain in the
positive domain. Figure 3b shows the relative density of β- and
Ur-space from successful models. Only β values exceeding
approximately 0.2 produced model results that matched all data
constraints. It has been argued that thermal history models with β
values in this range produce a thermal catastrophe - the runaway
of mantle temperatures to unnaturally high values early in Earth’s
existence6,7. That argument was applied to models in which only
temperature affects mantle viscosity. Adding the effects of deep-
water cycling on mantle viscosity removes this perceived weak-
ness of high β value models, as they can match Urey ratio con-
straints without requiring excessively high mantle temperatures
in the past.

Figure 3c shows mantle water histories that satisfy data con-
straints, within uncertainty bounds. Unlike previous thermal
history models, which tend to show handfuls of single trajectory
paths, our methodology allows us to plot the probability dis-
tribution for 1000s of successful model paths. This, in turn,
quantifies how coupled data and model uncertainty affect results
and provides a measure for the robustness of model based con-
clusions. The thick, black lines represents the median mantle
water history. The darker region extends from the upper to the
lower quartile. The lighter regions extend outwards from these
quartiles a distance of one and half times the interquartile range.
Figure 3c indicates a preferential loss of water from the mantle
over its early evolution and a shift to preferential ingestion of
water into the mantle between two and three billion years ago.
More water brought in through subduction than was lost through
melting at mid-ocean ridges. That shift from net mantle dewa-
tering to rewatering temporally coincides with the findings of
Parai and Mukhopadhyay21 and Seales and Lenardic19 and with
inferences that a shift from hot and dry to cold and wet sub-
duction occurred in that time window22,23. Dong et al.24 sug-
gested a net rewatering over a larger portion of Earth’s history by
estimating mantle water capacitance. This, however, is based on
an estimate for an upper limit for mantle water storage and the
assumption that the mantle is always at its water storage limit. We
know of no physical reasoning demanding that the mantle remain
at this limit. Furthermore, the majority of our results fall within
or below the uncertainties of Dong et al.24 (i.e., the studies are
consistent within data uncertainties).

Figure 4a shows the evolution of mantle viscosity from suc-
cessful models. Successful models show an increase in mantle
viscosity for roughly the first half of Earth’s history followed by a
milder decline. The rollover coincides with the change from net
mantle dewatering to rewatering. Preceeding the rollover, mantle
melting stiffened the mantle, whereas once subduction began to
outpace water loss at the ridges, the mantle became wetter. The
changes in mantle viscosity are mild. This indicates self-
regulation via coupled thermal and water cycling feedbacks.
The mild changes in mantle viscosity lead to associated mild
changes in mantle convective vigor, a measure of which is Ra.
Figure 4b shows the uncertainty in the evolution of Ra. Mantle
vigor mildly declined during the net dewatering phase and mildly

increased during the net rewatering phase. The results show that
mantle evolutions with mild changes in convective vigor are
consistent with data constraints and, within coupled data and
model uncertainties, are statistically more likely than paths with
large changes in convective vigor. Mild changes in Ra, in the face
of a large decline of internal radiogenic heating, indicate a self-
regulating mantle.

Although mantle self-regulation has been suggested in the past,
to the best of our knowledge the hypothesis of a nearly constant
level of convective vigor over geologic time is new. Previous ideas
regarding self-regulation invoked a negative thermal feedback
that would damp short time scale perturbations in mantle evo-
lution. A warm thermal perturbation would decrease viscosity,
leading to increased convective vigor, amplifying heat loss and
bringing mantle temperature back into a quasi-steady state. Such
a feedback leads to mantle heat flow and Ra tracking the decay of
radiogenic heat sources over time3–5; The value of Ra would
monotonically decline as the planet aged. The idea that con-
vective vigor itself could be regulated at a near constant value,
despite decreases in the driving force of convection, has not been
proposed to date.

Our analysis shows that the combined effects of temperature
and water on mantle viscosity allow for a deeper level of self-
regulation, reflected by a relatively flat, and potentially increasing,
Ra trend (Fig. 4b). As well as being consistent with a range of
thermal data constraints, as laid out above, this form of self-
regulation is also consistent with inferences of tectonic plate
velocities over geologic time. In an analysis of passive margins,
Bradley25 found that the history of passive margins indicated that
plate speeds have not been decreasing over geologic time. Within
data uncertainty, plate speeds may have even be increasing.
Condie et al.26 also argued that tectonic plate speeds have not
changed considerably over geologic time based on an analysis of
paleo-magnetic data and the history of super-continent amalga-
mation and dispersal. Near constant, and potentially increasing,
plate speeds over geologic time is difficult to explain if the vigor of
mantle convection has decreased over time. It is, however, a
predicted result from a self-regulated mantle evolution that buf-
fers mantle viscosity over geologic time. That mode of self-
regulation is also consistent with the conjecture, based on
observational constraints on water transport beneath Japan arcs,
that deep-water cycling could stabilize and prolong mantle con-
vection and the associated geological activity of the Earth27.

Self-regulation of mantle viscosity, and convective vigor, does
not necessarily lead to an equivalent buffering of mantle melt
potential over geologic time. The evolution of a homologous
temperature, a ratio of temperature to melting temperature, can
be used to assess whether viscosity self-regulation can lead to an
associated regulation of mantle melt potential. The mantle
homologous temperature (TH) is defined as the ratio of the
mantle geotherm and the wet solidus. Figure 1a shows these
profiles in red and dark blue, respectively. The two profiles
change with depth. The maximum distance between the two
curves occurs at the base of the thermal lithosphere (see Meth-
ods). The greater the thermal distance between the solidus and
geotherm, the greater the value of TH, and the more melting that
occurs in the upper mantle.

Figure 5 a shows how TH evolves for successful models. Pre-
ferential loss of water from the mantle (Fig. 3c) shifted the solidus
to warmer temperatures during the first few billion years of
Earth’s history. Mantle temperature changed little during this
period. The thermal distance between the solidus and geotherm
decreased, leading to a proportional drop in TH. The decline
eased when subduction began bringing in more water than was
lost from melting at the ridges around 2 Ga when mantle tem-
peratures were falling mildly. Flattening of TH indicates a near
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constant thermal distance between the solidus and geotherm.
Flattening persisted until the most recent few hundred million
years, during which it slowly increased - this occurred as the
solidus began to move toward cooler temperatures faster than the
geotherm.

The co-evolution of the solidus and geotherm feeds into the
evolution of mantle melting as plotted in Fig. 5b. Melt fraction, a
measure of mantle melting, mirrors the qualitative behavior of
homologous temperature: it peaks early in Earth’s history and
regulates towards present day. Peak melting coincided with warm
mantle temperatures and high mantle water content. Declining
water content and relatively fixed temperatures produced a
decline in melting by bringing the solidus closer to the geotherm.
The change from preferential mantle water loss to gain did not
immediately impact melt fraction the way it did homologous
temperature. Melt fraction declined until around one billion years
ago, after which it flattened. Homologous temperature became
regulated when the thermal distance between the solidus and
geotherm settled into a relatively constant value. The solidus and
geotherm maintained this thermal distance and initially moved
towards cooler temperatures at roughly the same rate. Melting

continued to decline even though TH remained constant. The
required increase in mantle water content to regulate mantle
viscosity caused the solidus to move towards cooler temperatures
faster than the geotherm, causing melt fraction to become buf-
fered at a near constant value. Melt buffering, then, is directly tied
to the self-regulation of mantle viscosity.

Discussion
Unlike purely thermal models (Fig. 2d), models that allow for
deep water cycling (Fig. 5b) predict that mantle melt potential has
been buffered over the last 2 billion years, consistent with data of
Keller and Schoene28. Returning to a motivating observation for
our study, this is consistent with the hypothesis that the present-
day proximity of the mantle geotherm to the solidus is not a
coincidence, but reflects the coupled thermal history and deep-
water cycling feedbacks that buffer mantle viscosity and mantle
melting.

The hypotheses that deep water cycling buffers mantle thermal
and magmatic evolution is bolstered by the fact that the deep
water cycling models are also compatible with a range of added
data constraints. This includes constraints on the internal mantle

Fig. 4 Measures of mantle self-regulation. a Inversion results showing mild changes in mantle viscosity and its impact on convective vigor (Ra) (b)
throughout Earth’s history. Each figure plots results as distributions about a median value. The darker color highlights values falling between the upper and
lower quartiles and the lighter color constraining the maximal and minimal limits.

Fig. 5 Measures of melt co-regulation due to changes in viscous self-regulation. a Inversion results for the homologous temperature (TH), the ratio of the
geotherm and wet solidus at the base of the lithosphere (b) Inversion results for melt fraction showing a decline for billions of years followed by a leveling
off near present day. Each of the figures show results as distributions about their median value. The darker color highlights values falling between the upper
and lower quartiles and the lighter color constraining the maximal and minimal limits.
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temperature, surface water volume, mantle water volume, mantle
viscosity, mantle Urey ratio and inferences on the change of
tectonic plate speeds over geologic time. The inferred balance of
resisting forces to plate motions, from successful water cycling
models (Fig. 3b), is also consistent with more detailed models of
subduction zone dynamics29.

Self-regulation does not require that mantle viscosity and/or
melt production remain constant. Fluctuations can occur, but
negative feedbacks tend to bring the system back toward a mean
trend. For example, the Earth’s thermal-tectonic system allows for
fluctuations due to the chaotic nature of mantle convection,
changes in plate dimensions, and the amalgamation/dispersal of
super-continents. These fluctuations can lead to variations in
deep water cycling30. Fluctuations could also occur as a result of
variations in the time scale of mixing water into the mantle31. The
buffering feedbacks in the coupled thermal and deep-water
cycling system can still maintain a self-regulated evolution in a
statistical sense. That is, fluctuations cause variations about a
mean trend but buffering feedbacks do not allow for runways and
or long-lived departures from a buffered trend (see Methods).
This is consistent with the data of Keller and Schoene28, which
show fluctuations in melt fraction about a slowly varying mean
trend over the last 2 billion years (Fig. 1b). In principle, one could
incorporate added data constraints into our models based on, for
example, fluctuations in mantle potential temperature32 and/or
mean plate subduction age30, but that goes beyond our
scope here.

As well as buffering viscosity and magmatism over the last 2
billion years, water cycling can continue to do so into Earth’s
future. That said, the trends of Fig. 5b cannot extend indefinitely.
Exactly when self-regulated, melt buffering will end depends on
the future path of mantle temperature and water content. Given
that the solidus depends on water content, the self-regulation
mechanisms mapped herein can delay melt shutdown relative to a
dry planet or to a planet that does not allow for deep water
cycling effects on mantle evolution (Fig. 2d). In principle, we
could extend our models forward in time. The results would,
however, be deceptive as we would be taking a data assimilation
method outside of data constraints. This leads to increasing
uncertainty the further a projection is taken outside of the data33.
The inverse models could be augmented with forward models,
subject to uncertainty quantification10,20, to provide probability
densities for the timing of melt shut down. That type of analysis
would also need to consider the potential of cooling-induced
shifts in tectonic modes from plate tectonics to a single plate
planet. That goes beyond the intent of this paper (i.e., to inves-
tigate the hypothesis that mantle melting was self-regulated over
the Earth’s evolution to the present day).

Our models, like any others, make simplifying assumptions
about some processes and exclude others entirely. One simplifi-
cation, shared by the majority of thermal history models, is that
only mean trends are tracked. Temperature and water content
have likely fluctuated about mean trends over Earth’s history.
Plate age and velocity may not always tightly couple, which would
produce a variance in the amount of water delivered into sub-
duction zones, impacting the frequency and magnitude of arc
volcanism. The super-continental cycle could produce inter-
mittent thermal gradients within the mantle, allowing plate
velocities and mixing time scales to deviate from mean trends.
Although we have shown that self-regulation can exist under
fluctuations, it would be of value to account for the specific
sources of fluctuations noted above to see how they affect evo-
lution trends. An added source of fluctuations, that could be
explored, is associated with changes in the dominant resistance to
plate motions. In our model formulation this is parameterized as
the β scaling factor in the relationships between convective vigor

and mantle cooling and between convective vigor and plate
speeds. Although we explored a range of β values, all our models
assumed a constant value over a single model path. That
assumption could be relaxed to provide a deeper exploration of
how tectonic fluctuations affect our model trends. An added effect
that could be incorporated into our models is continental growth.
Continental growth will partition radiogenics between the mantle
and continents, which will affect thermal history. Models that
include continental growth will still need to match all the data
constraints we have laid out but it is likely that not all potential
continental growth curves will be able to do so. This could pro-
vide a means to use our modeling methodology to discriminate
between competing continental growth hypotheses.

All of our models have assumed that plate tectonics has
operated over all of geologic time and that plate subduction is the
dominant means of mantle cooling. As we noted, extending our
models forward in time, to explore the potential longevity of
magmatic self-regulation, will require allowing for the potential of
tectonic transitions. This could also be of value for extending the
scope of the models for the Archean Earth. Under Archean
thermal conditions it is possible that latent heat effects and the
advection of magma from the interior mantle to the surface could
become important effects for mantle cooling34. Another future
avenue is comparing how our results scale to higher dimension
models. Higher dimension models would also allow for a more
direct means of tracking potential tectonic transitions. That
would be of utility not only for extending the range of early Earth
processes our models could incorporate but also for comparative
planetology studies that explore how different tectonic modes,
and potential transitions between them, affect water cycling and
thermal evolution of terrestrial planets that have evolved differ-
ently than the Earth.

We can hypothesize at this stage that self-regulation as we have
defined it requires bidirectional cycling of water. Take as an
endmember a stagnant lid planet that does not recycle water into
the mantle. The planet would continuously lose water from its
interior throughout its magmatic lifetime. Such behavior would
prohibit the solidus and geotherm to both evolve towards lower
temperatures; As decaying radiogenics produced less heat in the
mantle, the interior would likely cool, causing a convergence
between the solidus and geotherm. Considering only this one
effect suggests that planets with a bidirectional deep-water cycle,
such as Earth, have the potential for experiencing self-regualtion
compared to a planet having a unidirectional deep-water cycle.
This hypothesis can be tested by expanding the methodology used
in this study along with constraints on the evolution of a stagnant
lid planet, such as Mars.

Conclusions
Data-constrained models of Earth’s thermal history indicate that
coupled deep-water and thermal cycles can lead to a self-
regulated mode of mantle convection with an associated self-
regulation of the Earth’s magmatic potential. Fundamentally,
partial melting in Earth’s upper mantle (asthenosphere), due to
the presence of volatiles, mode locks the mantle toward higher
(nearer wet solidus) interior temperatures, and hence higher heat
flow and a lower Urey ratio, relative to a planet that lacks deep
water cycling. This conclusion is likely to have important impli-
cations for Earth’s plate tectonic style of mantle convection, in
that partial melting in the asthenosphere profoundly influences
the existence and behavior of plates and plate motions—indeed
sound arguments can be made that the long-term persistence of
plate tectonics on Earth requires the persistence of a partially
molten uppermost mantle. We further suggest that exploration of
both constraints for and models of mantle dewatering and
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rewatering (related primarily to volatile processing at ridges and
subduction zones) should shed further light on mantle evolution
and self-regulation.

Methods
Assimilating data into parameterized thermal history models. The average
mantle temperature changes with time ( _Tm) according to the balance of heat
produced within (H) and lost from (Q) the mantle:

ρVcp _Tm ¼ H � Q ð7Þ
where V and cp are the volume and heat capacity of the mantle, respectively35. This
energy balance neglects any heat transferred from the core into the mantle. The
amount of heat produced by the decay of radiogenic elements within the mantle
scales as

H ¼ Vhiexpð�λtÞ ð8Þ
where hi is the initial heat generation rate, λ is the decay constant, and t is time. We
ignore the partitioning of radioactive elements between the mantle and crust. The
total amount of heat lost by convective cooling is

Q ¼ Aqm ð9Þ
where A is the surface area of the convecting mantle and qm the convective heat
flux. Non-dimensional heat flux (Nu) scales with the Rayleigh number (Ra), a
measure of convective vigor, according to

Nu ¼ qm
qcond

¼ Ra
Rac

� �β

ð10Þ

where qcond is the amount of heat lost were it transferred solely by conduction
through the entire layer, Rac is the critical Rayleigh number and β is a scaling
exponent. The parameter β varies between models that make different assumptions
as to the dominant forces resisting tectonic plate motion (see Seales and Lenardic20

for a fuller discussion of what different β values mean for mantle convection).
Fourier’s law states that

qcond ¼ k
ΔT
Z

ð11Þ

where k is the thermal conductivity of the mantle, Z is the depth of the convecting
layer, and ΔT is the temperature difference driving convection. The latter is the
difference between the surface temperature (Ts) and the average mantle tempera-
ture. Combining Eqs. (10) and (11) and rearranging, the convective heat flux is

qm ¼ k
ΔT
Z

Ra
Rac

� �β

ð12Þ

where Ra is

Ra ¼ ρgαΔTZ3

κη
ð13Þ

and α is the mantle thermal expansivity, κ is the mantle thermal diffusivity, and η is
the mantle viscosity. Note that when classic boundary layer theory is assumed
(β= 1/3), Z vanishes. Reducing the value of β negates this effect and results in an
inverse relationship between qm and Z. Changes in mantle viscosity dominate
changes in Ra. The viscosity is given by

η ¼ ηoA
�1
cre ½expðc0 þ c1lnχm þ c2ln

2χm þ c3ln
3χmÞ�

�r
exp

E
RTm

� �
ð14Þ

where ηo is a scaling constant, c1, c2 and c3 are empirically determined constants14,
r is the water fugacity exponent, Acre is a material constant, E is the activation
energy for creep and R is the universal gas constant. In Eq. (14), χm has units H/
106 SI.

Combining Eqs. (7) to (13), we find that the change in mantle temperature
evolves according to

_Tm ¼ 1
ρcp

∑
n

i¼1
hiexp �λit

� �� A
V
kΔT
D

ρgαΔTD3

Racκη

� �β
" #

ð15Þ

Rearranging to isolate mantle viscosity, Eq. (15) becomes

η ¼ Racκ

ρgαΔTD3

V
A

D
kΔT

∑
n

i¼1
hiexp �λit

� �� ρcp _Tm

� �� ��1
β ð16Þ

Equations (14) and (16) have η isolated. As such, we can use these equations to
estimate χm. We use Herzberg et al.36 and Condie et al.37 as constraints on Tm.
Viable thermal paths based on those Tm constraints (Section “Constructing thermal
trajectories”) provide constraints on the time derivative of mantle temperature
( _Tm). The Urey ratio, defined as Ur=H/Q, serves as a data constraint. Given a
present day estimate of Q, we can calculate present day H. Substituting this value of
H into Eq. (8), we can rearrange and solve for hi, which will determine the rate of
radiogenic heating for that model. Given the parameters in Table 1 and the
constraints laid out here, χm remains the only unknown in Eqs. (14) and (16). We

initially estimate the mantle water content and then iteratively adjust this value
until Eqs. (14) and (16) are within some tolerance (ϵ) of each other. We verified the
inversion results against the outputs of forward models. The global maximum
inversion error remained less than one percent and the average inversion error
remained below 0.01 percent over the modeled time domain.

Constructing thermal trajectories. The method detailed above requires a thermal
trajectory as input. One can imagine many trajectories satisfying the uncertainties
in estimated mantle potential temperature (Fig. 3a). As such, we constructed a
number of data constrained thermal trajectories, each of which passed through

Table 1 Model parameters and values.

Parameter Description Value Unit

ρ Mantle density 3000 kg m−3

cp Mantle heat capacity 1400 J (kg K)−1

k Mantle thermal conductivity 4.2 W (m K)−1

α Mantle thermal expansivity 3 × 10−5 K−1

κ Mantle thermal diffusivity 10−6 m2 s−1

λ Radiogenic decay constant 3.4 × 10−10 yr−1

Qi Present day mantle heat flow 35 × 1012 W
Ur Present day Urey ratio 0.2–0.5 –
β Convective scaling exponent 0.15–0.33 –
Rac Critical Rayleigh number 1100 –
Ts Surface Temperature 300 K
g Acceleration due to gravity 9.8 m s−2

Rp Radius of Earth’s surface 6371000 m
Rc Radius of Earth’s core 3471000 m
Z Thickness of convecting layer 2900000 m
ηo Viscosity constant 1.7 × 1017 Pa s
Acre Material constant 90 MPa�rs�1

C0 Empirically determined
viscosity constant

−7.98 –

C1 Empirically determined
viscosity constant

4.35 –

C2 Empirically determined
viscosity constant

−0.57 –

C3 Empirically determined
viscosity constant

0.03 –

E Creep activation energy 4.8 × 105 J mol−1

R Universal gas constant 8.314 J mol−1

r Water fugacity exponent 1.2 –
To Starting mantle temperature 1400–1800 °C
Tf Present-day mantle

temperature
1300–1400 °C

Tm1 Rollover temperature 1450–1650 °C
τmT Rollover temperature −5 to 25 °C
to Initial model time 0 Gyr
tf Final model time 4.5 Gyr
tm1 Intermediate model time 1.25–2.5 Gyr
τmt Intermediate model time 0.75–0.25 Gyr
Af Temperature fluctuation

amplitude
1% °C

λf Temperature fluctuation decay
constant

1/4.5 Gyr−1

Pf Temperature fluctuation
frequency

1 Gyr−1

A1 Anhydrous solidus calibration
constant

1085.7 oC

A2 Anhydrous solidus calibration
constant

132.9 °C GPa−1

A3 Anhydrous solidus calibration
constant

−5.1 °C GPa−2

K Hydrous solidus calibration
constant

43 °C wt%−γ

γ Hydrous solidus scaling
exponent

0.75 –

ϵ χ convergence tolerance 10−8 Hx10−6 Si
OM Present day ocean mass

equivalent
1.39 × 1021 kg
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strategic control points (Pi) defined by the coordinates (ti, Ti), with time ti in
billions of years before present and mantle potential temperature Ti in °C. The
control points Po and Pf define the initial and present-day temperatures, respec-
tively. We required each thermal trajectory pass through at least one intermediate
control point Pm1, which coincides with the rollover in the Herzberg et al.36 and the
change in slope of Condie et al.37. Table 1 lists the uncertainties we considered for
each control point. We drew random samples from uniform distributions defined
by these bounds. These samples served as the starting point of our thermal tra-
jectory. If the sampling resulted in Tm1 > To, we defined the thermal trajectory
using the quadratic

TðtÞ ¼ α1t
2 þ α2t þ α3: ð17Þ

We determined the constants αi by using the control points Po, Pm1 and Pf to form
a system of three equations with three unknowns. If sampling resulted in Tm1 < To,
we defined the thermal trajectory using the cubic

TðtÞ ¼ α1t
3 þ α2t

2 þ α3t þ α4: ð18Þ
Solving for αi required a system of equations based on four control points. To
account for this, we introduced Pm2 such that tm2= tm1− τmt and Tm2= Tm2−
τmT. Here τmt and τmT represent offset times and temperatures. These allow for
flattening of the thermal trajectory after an initial temperature decline, which can
occur when water and thermal cycles effect mantle viscosity19.

We required that each thermal trajectory fit the data of Herzberg et al.36 and
Condie et al.37 within some measure of goodness. We used a reduced chi-squared
statistic, the chi-square (χ2) per degree of freedom (ν). We adopt χ2 as traditionally
defined:

χ2 ¼ ∑
t

DðtÞ �MðtÞ½ �2
σðtÞ : ð19Þ

This cumulatively measures the error (σ(t)) normalized difference between the data
(D(t)) and modeled thermal trajectory (M(t)). For measuring the goodness of fit we
included all data points from both data sets. This gave us a total of 38 data points
(Nd). The definition for degrees of freedom is: ν=Nd−Nα+NP given the number
of parameters (Nα) and control points (NP). We only kept thermal trajectories that
had χ2/ν <= 1. Using this method, we found a median accepted value of 0.98. As
this is nearly unity, so the thermal paths approximate the data error variance
without over-fitting.

To mimic a fluctuating mantle temperature, we constructed fluctuations (Tf)
that followed the form of an exponentially damped sine wave, which is of the form

Tf ðtÞ ¼ Af e
�λf tsin

2π
Pf

t

 !
ð20Þ

where Af is the amplitude of the sine wave, λf is the decay constant, Pf is the period
and t is time, in billion of years. We set Af to one percent of the initial mantle
potential temperature, λf to 0.22 Gyr−1 and Pf to 1 Gyr. We then superimposed Tf
on top of a path defined as above. We still enforced the condition that χ2/ν <= 1.
We do no pretend to know what path fluctuations follow. They likely follow
something much more complicated than presented here. However, we believe that
the qualitative form of our findings will hold. An exact description of the
fluctuations is beyond the scope of this paper. How to account for them in forward
modeling was covered by Seales et al.10. Regardless, choosing any other path would
find the same qualitative conclusions presented herein.

Homologous temperature. Our analysis relied on the geotherm consisting of two
elements: a shallow conductive profile through the mantle lithosphere and a
convective profile beneath it. For a given value of Tp and χH2O

, we can calculate qm

according to Eq. (12). We can rearrange Fourier’s Law to give the conductive
profile according to

TcondðzÞ ¼
qm
km

z þ Ts: ð21Þ

The convective profile is the mantle adiabat. We used a linearized version of
Mckenzie and Bickle38 above to convert from Tm to Tp. We can also use this
adiabat to construct the convective element of the geotherm according to

TconvðzÞ ¼ Tm 1� gα
cp

Rp � Rc

2
� z

� �" #
ð22Þ

The conductive and convective profiles intersect at the base of the lithosphere (HL):

HL ¼ Tm � Ts �
Tmgα
2cp

Rp � Rc

� 	" #
qm
km

� Tmgα
cp

 !�1

ð23Þ

In our analysis we compared the geotherm to the solidus. We used the dry
solidus of Hirschmann39. We accounted for water suppressing the dry solidus
using the parameterization of Katz et al.15:

TsolðzÞ ¼ A1 þ A2 � ρgz þ A3ðρgzÞ2 � ΔT þ 273 ð24Þ

ΔTðχH2O
Þ ¼ KχγH2O

ð25Þ
where the temperature is given in Kelvin and A1, A2, A3, K and γ are calibration
constants.

Generally, a homologous temperature is defined as the ratio of actual
temperature to melting temperature. We follow this convention and define the
homologous temperature (TH) as the ratio of the geotherm temperature to the
solidus temperature. Both temperatures vary with depth, so we chose the depth that
maximized the thermal distance between them—the base of the lithosphere:

TH ¼ Tcond HL

� �
Tsol HL

� � ð26Þ

We can insert ZL into Eq. (21) to get the actual temperature and into Eq. (24) to
obtain the melting temperature.

Calculating melt zone thickness. Melt zone thickness (HM) is defined as the
vertical difference between the two points where the geotherm and solidus inter-
sect. The shallower point defines the top of the melt zone (HT). Equating Eqs. (21)
and (21) and gathering like thems gives the quadratic

ATz
2 þ BTz þ CT ¼ 0 ð27Þ

AT ¼ A3 ρg
� �2 ð28Þ

BT ¼ A2ρg �
qm
km

ð29Þ

CT ¼ A1 � Kγ
H2O

þ 273� Ts ð30Þ
This quadratic has two roots, one above the surface (unphysical) and one at depth.
The one at depth defines (HT) and is given by

HT ¼ �BT �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
T � 4ATCT

p
2AT

ð31Þ

We found the base of the melt zone (HB) by equating the convective profile (Eq.
(21)) with the solidus (Eq. (24)). Grouping like terms and gathering gives the

Fig. 6 Analysis of fluctuations on modeling results. Fluctuations in Earth’s potential temperature (a) produce an offsetting fluctuation in mantle water
content (b). The combined effect is a fluctuating, but quasi-regulated, homologous temperature (c).
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quadratic

ABz
2 þ BBz þ CB ¼ 0 ð32Þ

AB ¼ A3 ρg
� �2 ð33Þ

BB ¼ A2ρg �
gα
cp

Tm ð34Þ

CB ¼ A1 � Kγ
H2O

þ 273� Tm 1� gα
cp

Rp � Rc

2

� �" #
ð35Þ

This quadratic has two roots. The physical root is the shallower of the two. The
deeper is an artifact of the chosen solidus structure rather than anything physical.
We define the base of the melt zone (HB), then, as

HB ¼ �BB þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
B � 4ABCB

p
2AB

ð36Þ

Data constrain the solidus to a depth of 300 km. We set this as a hard maximum
limit for HB.

Calculating melt fraction. The distance between the the solidus and geotherm
determines the amount of melt produced. The distance between the solidus and
geotherm varies between the top and bottom of the melt zone. As such, we cal-
culate the melt fraction (ϕ) at each depth according to

ϕ ¼ TðzÞ � TsolðzÞ
T liqðzÞ � TsolðzÞ ð37Þ

assuming that the melt fraction increases linearly between the solidus and liquidus
(Tliq). We integrate Eq. (37) over the entire melt zone and normalize by melt zone
thickness to obtain an estimate of average melt fraction (�ϕ).

How fluctuations affect results. Results in the main body of our paper track the
evolution of mean trends, together with uncertainties. Self-regulation does not,
however, require that planetary variables remain on slowly varying mean paths.
Fluctuations can occur but negative feedbacks tend to bring the system back toward
a mean trend. Our methodology can deal with the possibility of internal fluctua-
tions. The extended methodology employs a perturbed physics approach, in which
fluctuations are imposed on the evolution of a model variable10. An example can
demonstrate the effects of including fluctuations in our analysis by comparing
smooth to fluctuating thermal paths (Fig. 6a). The particular form of fluctuations is
an example only. Figure 6b, c shows how thermal fluctuations affect water cycling
and melt potential, respectively. The system maintains a self-regulated evolution
but it does so in a statistical sense (note that this would not be the case if positive
feedbacks dominated the system and or if negative feedbacks were overly weak). As
noted in the body of the paper, one could employ model fluctuations based on data
constraints for fluctuations in mantle potential temperature32 and/or mean plate
subduction age30. That goes beyond our scope of demonstrating that self-regulation
is robust in the face of thermal-tectonic fluctuations.

Data availability
The data used within this paper can be found in the references provided for the data.

Code availability
The methods detail the steps used within our analysis. They were programmed in a
python environment. The corresponding author can be contacted to clarify any questions
about the method or algorithms used within the analysis.
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