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Abstract Earth's heat budget is strongly influenced by spatial and temporal variations in surface heat
flow caused by plate tectonic cycles. Here, we use a novel set of paleo-seafloor age grids extending back
to the mid-Paleozoic to infer spatiotemporal variations in surface heat loss. The time-averaged oceanic
heat flow is 36.6 TW, or ~25% greater than present-day. Our thermal budget for the mantle indicates that
149 K/Gyr of cooling occurred over this period, consistent with geochemical estimates of mantle cooling
for the past 1 Gyr. Our analysis also suggests sustained rapid cooling of the Pacific mantle hemisphere,
which may have cooled ~50 K more than its African counterpart since 400 Ma. The extra heat released
from the Pacific mantle may have been trapped there by the earlier long-lived supercontinent Rodinia
(~1.1-0.7 Ga), and the Pacific mantle may still be hotter than the African mantle today.

Plain Language Summary Earth's interior is cooling because its rate of heat loss exceeds

its rate of internal heat production. Heat loss happens at the Earth's surface and is highly variable, with
thick continents providing strong insulation to Earth's interior and thin seafloor allowing more rapid heat
transfer. Using models for how the continents and oceanic plates have moved for the past 400 million
years, we reconstructed the history of heat loss from Earth's interior. We find that heat loss was on
average 25% higher in the past than it is today, which implies more rapid overall cooling than expected.
We also find that the Pacific side of the world has lost heat at a much faster rate than the African side.
This is partly due to positioning of continental landmasses, including the supercontinent Pangea, on the
African side for most of the past 400 million years. By contrast, the oceans on the Pacific side offered “poor
insulation” that led to ~50 C more cooling of the Pacific mantle compared to its African counterpart.

The extra heat lost from the Pacific side may have been trapped there by Rodinia, an older, long-lived
supercontinent that covered the Pacific mantle about one billion years ago.

1. Introduction

Earth's thermal evolution is largely controlled by the rate of heat loss through the oceanic lithosphere.
This cooling rate is time-dependent because changes in tectonic rates (e.g., rates of seafloor creation and
consumption) affect the seafloor age distribution (e.g., Becker et al., 2009), and thus prescribe intervals of
Earth history with greater or lesser oceanic heat loss. The rate of cooling is also highly variable spatially,
with mantle beneath young seafloor cooling much more rapidly than its counterpart beneath large insulat-
ing continents (Figure 1a). These variations in mantle cooling rate change with time as the plate tectonic
configuration evolves, potentially inducing large spatial and temporal variations in the heat content of the
mantle (e.g., Lenardic et al., 2011). It is important to understand such variations in order to better constrain
Earth's thermal evolution back in time.

Over the past decades, the relationship between mantle heat flow and the age of the oceanic lithosphere
has been continuously refined to fit geophysical data (e.g., Hasterok, 2013; T. Korenaga & Korenaga,
2008; B. Parsons & Sclater, 1977; C. A. Stein & Stein, 1992;), allowing surface heat loss from the mantle
to be reconstructed back in time through the use of paleo-seafloor age grids (Crameri et al., 2019; Loyd
et al., 2007). However, existing reconstructions only provide estimates of global surface heat flow varia-
tions since 230 Ma, a period that adequately captures Pangea breakup, but not the earlier stages of super-
continent assembly. Early conceptual models for this “supercontinent cycle” (Nance et al., 1986; Worsley
et al., 1985, 1986) postulated that the age-area distribution of the oceanic lithosphere (Figure 1c) should
vary through the different phases of this cycle, and this notion has since been reinforced by results from
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Figure 1. The time-dependent distribution of mid-ocean ridges and continents produces large variations in surface
heat flow (a and b) Heat loss from Earth's mantle through time, computed according to the description in Section 2.
Meridians (60°W and 120°E) drawn in magenta indicate the separation of the Pacific and African hemispheres. (c)
Seafloor age-area distributions based on the paleo-seafloor age girds generated after Karlsen et al. (2020).

numerical geodynamic models (Coltice et al., 2012) and the construction and analysis of paleo-seafloor age
grids (Karlsen et al., 2020; Miiller et al., 2016). Thus, in order to derive a representative value of the long-
term oceanic heat flow, it may be necessary to compute a time-averaged value across a wider swath of time,
approximating a full supercontinent cycle. Using the first set of oceanic lithosphere age grids that extend
backward to the mid-Paleozoic (400 Ma, Karlsen et al., 2020), we here reevaluate the time-dependence of
oceanic heat flow and consider its implications for mantle cooling history.

We also reconstruct spatial variations in mantle heat loss across the interval spanning Pangea’'s assembly,
duration and breakup. Such variations should cause some parts of the mantle to cool faster than others, pro-
ducing spatial variability in mantle temperature. There is some geochemical and geophysical evidence for
such variability. Major element geochemistry analyses of lavas from the Pacific and Atlantic ocean basins
suggest that the central Atlantic upper mantle was hotter than the Pacific mantle during the 170-100 Ma

KARLSEN ET AL.

20f 10



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL092119

interval and may have cooled by up to 150 K until the present (Brandl et al., 2013). This cooling released heat
that was likely trapped by continental insulation of the central Atlantic by Pangea (~320-180 Ma). Increases
in mantle potential temperature (T},) of similar magnitude, caused by supercontinent insulation, have also
been reported in numerical and laboratory experiments (Lenardic et al., 2011). For the present-day, Brandl
et al. (2013) present thermometric evidence (temperature of average zero-age MORB) that the Pacific man-
tle domain is 25-30 K hotter than the African domain (the Atlantic and Indian ridges). This finding agrees
with Dalton et al.'s. (2014) combined analysis of geophysical and geochemical data, which indicates a high-
er mantle potential temperature in the Pacific. Such hemispheric variability in mantle temperature should
be linked to spatial variations in the mantle's cooling rate. Here, we use models for Earth's surface heat flow
during the past 400 Myr to estimate individual cooling histories for the Pacific and African mantle domains,
and briefly entertain some simple scenarios that could explain their potentially distinct thermal evolution.

2. Estimating Mantle Heat Loss Variations

For the present-day, Earth's total surface heat loss is estimated to be 46 TW. Of this, 29 TW is attributed to
the cooling of oceanic crust (hereafter “oceanic heat loss”), 3 TW is delivered to the surface via plumes and
14 TW represents heat loss from the continents (Jaupart et al., 2015). The continental component of 14 TW
includes 8 TW of radiogenic heat produced within the continental crust and lithosphere. Here, we estimate
changes to the heat flow conducted from the mantle through the oceanic and continental lithosphere (cur-
rently 35 TW; the 3 TW plume heat flux is treated separately according to the description in the extended
methods section, supplementary information S1). We focus particularly on the oceanic heat loss, both be-
cause it is largest component, it exhibits large variations in space and time, and it can be estimated directly
from tectonic reconstructions of past seafloor.

We compute oceanic heat 10ss (Qocean) from the mantle by applying the age-heat flow relation (see supple-
mentary information S1) of Hasterok (2013) to paleo-seafloor age grids that extend back to 400 Ma, gen-
erated using the method of Karlsen et al. (2020). The plate reconstruction that was used to generate these
age grids was the updated version of Matthews et al. (2016), which includes corrections for the Pacific after
Torsvik et al. (2019). Mantle heat loss through the continental lithosphere (Qcon) is taken to be 6 TW, evenly
spread over the continental area. Note that this excludes the 8 TW of radiogenic heat production in the
crust and lithospheric mantle (Jaupart et al., 2015). Although the mantle heat loss through the continents
(~6 TW) might vary with time, the amplitudes of its variations are likely small compared to the more than
four times larger oceanic heat flow (~29 TW at present-day). Snapshots of the resulting global heat loss
grids covering the past 400 Myr are shown in Figure 1a. Note the strong time-dependence, and that pres-
ent-day heat loss from Earth's mantle represents an absolute minima for the 400-0 Ma time period, having
been up to ~15 TW higher in the past (Figure 1b). These variations are driven by changes to the age-area
distribution of the seafloor (Figure 1c), which are caused by fluctuations in the rates of seafloor spreading
and subduction during the supercontinent cycle (e.g., East et al., 2020; Karlsen et al., 2019). This empha-
sizes the need for a long time-series (ideally spanning one complete supercontinent cycle) of heat flow to
robustly infer long-term average values. Based on the 400 Myr reconstruction of seafloor ages, we estimate
the time-averaged value for oceanic heat loss to be 36.6 TW (Figure 1b), which is ~25% higher than the pres-
ent-day value of ~29 TW (Figure 1b). The present-day low in oceanic heat flow has also been noted before,
although based on significantly shorter time-histories (Crameri et al., 2019; Loyd et al., 2007).

To investigate spatial variations in time-integrated surface heat loss, we computed the total heat loss accu-
mulated over the past 400 Myr (Figures 2a and 2b). Our results show that even over the time scale of several
hundred million years, heat loss from the mantle is far from uniform. For instance, the region of the Pacific
overlying the large low-shear-velocity province (LLSVP) “Jason” has lost 2-3 times as much heat as the
region above “Tuzo,” the African LLSVP (Figure 2b). This is partly due to the time-dependent distribution
of continental masses and the assembly of Pangea over Tuzo, which insulated the mantle beneath Pangea
but left the Pacific “exposed” to more rapid cooling via cycling of oceanic lithosphere, and partly due to the
persistence of fast-spreading ridge systems (now the East Pacific Rise) positioned over Jason. Note, however,
that the position of ridges in the Pacific-Panthalassic Ocean is entirely inferred before ~150 Ma (Torsvik
et al., 2019); we will return to this limitation later.
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Figure 2. The Pacific mantle domain has lost significantly more heat than the African over the past 400 Myr. (a)
Accumulated mantle heat loss (oceanic + continental) over the past 400 Myrs. Regions above the Pacific and African
LLSVPs (Jason and Tuzo), with edges defined after Torsvik et al. (2010), are shown using blue and orange lines. Dashed,
light-colored meridians indicate the separation of the Pacific and African hemispheres. (b) Equatorial slice (magenta
line) shows longitudinal variations in heat loss, and mean values (black line) from a region within 30° of the equator
show smoother variations. Bars indicate the approximate present positions of the LLSVPs Jason and Tuzo, and the past
position of Pangea.

3. Implications for Mantle Cooling History

To estimate the impact of spatiotemporal variations in surface heat loss on the mantle's thermal evolution,
we formulated a heat budget for the mantle, which we further break down into individual heat budgets for
the Pacific and African mantle domains (here approximated as two hemispheres, Figures 1a and 2, delin-
eated as described in supporting information S1). These two mantle domains are considered separate and
persistent degree-two convection cells (Conrad et al., 2013), each bounded, at least since Pangea formation,
by the long-lived circum-polar belt of subduction and persistent downwelling (e.g., Torsvik et al., 2016).
The fact that slabs tend to continually sink between the LLSVPs (Figure S1) indicates little mixing, and
thus limited heat transport, between the Pacific and African mantle domains. Assuming negligible heat
exchange between these domains (thermal conduction across such large spatial scales is small, Figure S2),
we can treat the thermal history of each domain separately. Indeed, limited thermal mixing by convection,
combined with an uneven distribution of continental landmasses, has been shown to cause large lateral
temperature variations in numerical and laboratory experiments (Lenardic et al., 2011).

We construct a mantle heat budget following Jaupart et al. (2015), taking mantle heat sources to be
11 TW (Qragio) from radiogenic heat production (which excludes the 8 TW from the continental crust
and lithosphere), plus 11 TW (Qcore) from the core. For heat sinks we include our estimates of oceanic
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(Qocean) + continental (Qcone) heat loss (Figure 1b, black line) and an additional 3 TW (Qnospots) heat output
from hotspots (Arnould et al., 2020; Jaupart et al., 2015). This value might be relatively conservative, con-
sidering a recent estimate based on excess topography (including a magmatic swells) suggesting that the
present-day plume heat flux may be as high as ~6.3 TW (Hoggard et al., 2020). The heat sources and plume
heat flux are assumed to be constant through time and evenly distributed between the Pacific and African
mantle domains. This assumption allows us to isolate the effect of variations in oceanic heat loss on mantle
cooling. A relatively stable plume heat flux with time, around 3 TW, is supported by state of the art mantle
convection models with Earthlike tectonics on the surface (Arnould et al., 2020), while time-variations in
the core heat flux were probably less than ~3 TW during the Phanerozoic (T. Nakagawa & Tackley, 2011;
Olson, 2016; N. Zhang & Zhong, 2011). By comparison, the continuous surface heat loss estimated herein
has varied by ~15 TW since 400 Ma (Figure 1b, black line).

Based on the mantle heat budget adopted, we can calculate rates of mantle cooling for the entire mantle and
for each of the two domains separately using:

dT 1 dt = (s - Cuoures) / () v

where, ¢ = 1250 J/(K kg) and m = 4.01-1024 kg (or m/2 for each hemisphere; see supporting information
S1 for more details). The resulting estimates indicate that since 400 Ma the whole mantle has cooled ~60 K
(Figure 3c), or at a time-averaged rate of 149 K/Gyr, with a maximum of ~200 K/Gyr at 350 Ma, and a min-
imum of ~100 K/Gyr at the present-day (Figure 3b). However, that cooling was unevenly distributed with
significantly more heat having left through the Pacific hemisphere. Our calculations suggest that the Pacific
cooled at a time-averaged rate of 208 K/Gyr since 400 Ma, more than twice that of the 90 K/Gyr time-av-
eraged rate for the African hemisphere (Figure 3b). In the context of cumulative heat loss, the Pacific and
African domains cooled by 83 and 36 K, respectively since 400 Ma, implying a differential in mantle cooling
of almost 50 K since at least the mid-Paleozoic (Figure 3c).

4. Discussion
4.1. Implications for the Whole-Mantle: Heat Budget and Cooling History

The mantle heat budget and its related cooling history are often inferred based on present-day values of
surface heat loss (e.g., Jaupart et al., 2015). Here we have shown, using a novel set of seafloor age grids that
extend back to the mid-Paleozoic (400 Ma), that the present-day likely represents a time of anomalously low
surface heat flow caused by an “all time old” configuration of ocean basins (see e.g., Miiller et al., 2016 for
a review). Considering that the time-averaged value of mantle heat loss from cooling oceanic lithosphere
might be closer to 36.6 TW, rather than ~29 TW (Figure 1b), the long-term rate of planetary cooling may be
significantly higher than previous estimates based on the present state of the Earth.

Using source temperatures from nonarc basaltic rocks covering the past 4 Gyr (Herzberg et al., 2010), and
assuming a present-day mantle potential temperature of a little more than 1,400°C, Jaupart et al. (2015)
estimated the mantle's long-term cooling rate to be 50-100 K/Gyr. However, if we instead consider the data
from Herzberg et al. (2010) only for the past 1 Gyr and use a present-day potential temperature of 1,350°C,
the least squares solution suggests a more recent mantle cooling rate of 155 K/Gyr (Figure S3). This rate is
comparable to cooling rate estimates for the past 1 Gyr from Korenaga (2008a, 2008b), and is close to our
time-averaged whole-mantle cooling rate of 149 K/Gyr for the past 400 Myr (Figure 3b). An alternative
explanation, which would reconcile our high time-averaged oceanic heat flow (Figure 1b) with the slower
cooling rates of Jaupart et al. (2015) (50-100 K/Gyr), is that the poorly constrained internal heat sources
are larger than the typical “preferred values” that we used in our mantle heat budget (Section 3). Indeed,
we assumed a core heat flux of 11 TW and a radiogenic mantle heat production of 11 TW, but Jaupart
et al. (2015) suggest that these could be as high as 17 TW and 17 TW, respectively. We therefore explore the
effect of higher (and lower) values for these heat sources on time-averaged mantle cooling rates and total
mantle cooling over the past 400 Myr in Figure S4. Note that the nearly 50 K of accumulated temperature
difference between the Pacific and African mantle domains since 400 Ma is independent of the magnitude
of these heat sources, as long as they are evenly distributed between the domains (Figures S4e and S4f).
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Figure 3. Estimated mantle cooling rates suggest significantly more cooling of the Pacific mantle domain over the
past 400 Myr, compared to the African domain. (a) Total mantle heat loss (oceanic + continental + hotspots) and its
distribution between the hemispheres (defined in Figure 2). (b) Mantle cooling rates are computed from Equation 1,
based on the balance between heat loss (a) and heat sources (see Section 3). (c) Curves showing mantle temperatures
relative to the present-day, obtained by integrating the cooling rates (b) backwards in time.

4.2. Is the Pacific Mantle Hotter than the African Mantle?

Although our calculations suggest that the Pacific hemisphere has been cooling at a higher rate, this does
not necessarily mean that it is currently colder than the African hemisphere. The currently higher heat flow
in the Pacific may be the manifestation of a hotter mantle beneath the Pacific (Brandl et al., 2013; Dalton
et al., 2014). Given our rates of cooling (Figure 3b), this would imply that the Pacific has been hotter for
more than 400 Myrs, and remains so, despite its faster cooling. The initial heating may have been caused by
supercontinental thermal insulation (e.g., Lenardic et al., 2011) by the Precambrian supercontinent Rodin-
ia, which may have covered the paleo-Pacific (Panthalassic) mantle domain (e.g., Tegner et al., 2019). In the
case of an “ideal” supercontinent configuration (i.e., at ~250 Ma, Figure 1a), one hemisphere is stripped of
continents and cools about 150 K/Gyr faster than the one occupied by the supercontinent (Figure 3b). This
suggests that if Rodinia lasted for about 400 Myr (~1.1-0.7 Ga, e.g., T. H. Torsvik & Cocks, 2017), the Pacific
mantle domain may have accumulated heat corresponding to an extra 60 K compared to the African. Given
that the rate of mantle heat loss in the Pacific hemisphere may not have increased above its African coun-
terpart until the Pacific lost most of its continents, the heat accumulation within the Pacific domain may
have persisted up until about ~370-350 Ma (Figures 1a and 3a). In this scenario, much of that “residual”
(Rodinian) heat has been lost in the past 400 Myr, but some still remains (as the Pacific mantle domain has
cooled ~50 K relative to the African over this period). Of course, this assumes that heat transfer between
these hemispheres has been limited. A “long-lived hotter Pacific”-scenario could explain the consistently
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higher plate velocities of the Pacific hemisphere during the past 400 Myr (Figure S5), because a hotter man-
tle implies lower mantle viscosity and smaller resistance to plate motions.

4.3. Constraints on Mantle Temperature Variations

The notion of a persistently hotter Pacific mantle domain may seem partly contradictory to geochemical
and crustal thickness constraints. The compositions of mid-ocean ridge basalts (MORB) from the Atlantic
and Pacific basins suggest that the mantle potential temperature (7)) beneath the early central Atlantic
(~170 Ma) was up to 150 K hotter than at present (Brandl et al., 2013). Finding no evidence of comparably
elevated mantle temperatures for older Pacific MORB within the 170-5 Ma age range, Brand] et al. (2013)
attributed the central Atlantic thermal anomaly to continental insulation. By contrast, the average T, re-
corded by zero-age Pacific and central Atlantic basalts are about 1,413 C and 1,385 C, respectively (Brandl
et al., 2013), suggesting a currently hotter Pacific domain. A slightly hotter present-day Pacific mantle is in
agreement with our Rodinia scenario (Section 4.2). A regression of oceanic crustal thickness for the Pacific
and African hemispheres over the past 170 Myr presented by Van Avendonk et al. (2017), also supports a
currently hotter Pacific but a faster-cooling African domain. Their results indicate that the present average
crustal thickness, broadly corresponding to T), of the East Pacific Rise exceeds that of the Atlantic and In-
dian Ocean ridges, but that the crustal thickness in the African hemisphere has thinned considerably more
than in the Pacific hemisphere during the past 170 Myr. The strong decrease in oceanic crustal thickness in
the African domain corresponds to an estimated cooling of 390 K/Gyr. Such rapid cooling is also reflected
by the T}, decrease of 880 K/Gyr estimated for the central Atlantic by Brandl et al. (2013). Both estimates are
for the last 170 Myr. The major caveat to these geothermometric and crustal thickness constraints, however,
is that they may reflect more fertile source compositions combined with a hot asthenosphere shortly after
continental rifting (supporting information S2).

The apparent faster cooling of the African hemisphere suggested by van Avendonk et al. (2017) and Brandl
et al. (2013) may be limited to just the upper mantle. In this case, the geochemically constrained rapid
cooling of the African domain could represent the release of heat trapped shallowly beneath Pangea. Slow
thermal mixing within the African domain, as indicated by the slow plate speeds there (Figure S5), would
allow rapid cooling of the uppermost mantle without rapid cooling of the entire African domain (upper
and lower mantles). In comparison, the Pacific mantle domain, with its fast spreading ridges and plates
(Figure S5), may be more vigorously convecting and well-mixed (S. D. King & Adam, 2014). Therefore, it is
not straightforward to compare our hemispheric cooling rates (Figure 3b), which represent averages of the
full mantle depth, with cooling rates inferred from analyses of oceanic crust. The thick oceanic crust and
elevated T, estimates of the early Atlantic and Indian ocean basin might also be related to more fertile up-
per mantle sources resulting from the Pangea assembly and breakup processes, as well as from plume head
materials supplied by a number of large igneous provinces (e.g., Doucet et al., 2020; Torsvik et al., 2020;
supporting information S2). Alternatively, additional heat sources in the Pacific mantle, such as elevated
core heat flow or extra heat-producing elements, could explain the more rapid long-term heat flow there,
but there is currently no evidence of such a source (Olson, 2016).

4.4. Limitations

The quality of our surface heat loss calculations depends on paleo-seafloor age grids generated based on the
plate tectonic reconstructions of Matthews et al. (2016), using the algorithm of Karlsen et al. (2020). This al-
gorithm has been shown to introduce only negligible errors beyond those already present in the underlying
plate tectonic model. Thus, the quality of the age-grids depends on the restoration of mid-ocean ridges and
subduction zones, and the reconstruction of global plate kinematics, for which formal errors are difficult to
impossible to estimate. Despite being unquantified, it is reasonable to assume that these spatial uncertain-
ties are very significant for time-periods lacking preserved oceanic lithosphere (i.e., older than ~200 Ma).
Nevertheless, our main conclusions, namely (1) that the present-day represents a time of anomalously low
surface heat flow and (2) that the Pacific mantle domain has been cooling more rapidly than its African
counterpart, persist even if we consider only the last 200 Myr.
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Notwithstanding that the spatial uncertainties may be very large for times lacking preserved oceanic crust,
estimates of global surface heat flow for these times may still be reasonable. This is because global sea level
variations on time-scales of ~10° yr are dominated by ocean basin volume changes driven by the time-de-
pendent seafloor age-area distribution (e.g., Conrad, 2013; Karlsen et al., 2019a; Miiller et al., 2008). Thus,
the sea level record serves as a first-order proxy for oceanic surface heat flow (Harrison, 1980; Figure S6).
Karlsen et al. (2020) demonstrated that their seafloor age grids show good agreement with the history of sea
level extending back to 400 Ma. With this in mind, we suggest that the temporal variations in global heat
flow presented here are likely reasonable, but the spatial variations in oceanic heat flow for times older than
~200 Ma should be cautiously interpreted.

5. Conclusions

Earth's thermal evolution is the result of an imbalance between surface heat loss and internal heat produc-
tion. Here, we have shown that the former is strongly time-dependent, and far from spatially uniform. The
assembly and breakup of supercontinents alters the age-area distribution of the ocean basins, resulting in
uneven thermal insulation and cooling of the mantle. These variations create large lateral temperature var-
iations between mantle domains. We summarize our main findings as follows:

- Surface heat flow, just like the sea level (Conrad, 2013; Figure S6), shows peaks during the assembly and
dispersal phases of the supercontinent cycle, and lows during the lifetime of the supercontinent (Pangea)
and periods of maximally dispersed continents (such as present-day). Over the past 400 Myr, variations
in oceanic heat flow ranged from a maximum of ~44 TW during the assembly phase of Pangea (350 Ma),
to an all-time low of ~29 TW at present-day, with a time-averaged value over the supercontinent cycle
of 36.6 TW (Figure 1b). This loss of heat exceeds that gained from mantle heat sources, and we estimate
overall cooling of 149 K/Gyr since 400 Ma, consistent with observations of mantle potential temperature
during the past 1 Gyr (Herzberg et al., 2010; Figure S3).

- The proportion of fast-spreading ridges and area covered by cooling oceanic crust determines the relative
heat loss between the Pacific and African hemispheres. We find that high-spreading activity in the Pacific
hemisphere (Figure 1a) led to greater heat flow there and drove ~50 K more cooling in the Pacific mantle
domain compared to the African domain during the past 400 Myr. This excess heat may have accumu-
lated during an earlier period of slow cooling in the Pacific domain, caused by presence of the long-lived
supercontinent Rodinia (~1.1-0.7 Ga). The two hemispheres may thus have experienced alternating pe-
riods of slower and faster cooling, according to the formation and dispersal of supercontinents.

Looking ahead, we consider improved plate tectonic reconstructions, combined with better geophysical and
geochemical constraints on large-scale temperature variations within the mantle, both past and present, to
be crucial for a greater understanding of hemispheric differences in mantle temperature. We contend that
such temperature differences result from tectonic cycles at the surface, and we expect them to have signifi-
cantly impacted Earth's thermal evolution.

Data Availability Statement

All the data and software necessary to reproduce our results, obtained as described in Section 2, are publicly
available. The plate model used can be downloaded from https://www.earthbyte.org/global-plate-bounda-
ry-evolution-and-kinematics-since-the-late-paleozoic/and the code used to calculate the seafloor age grids
(Karlsen et al., 2019b) can be downloaded from http://doi.org/10.5281/zenodo.3687548. This research was
funded by the Research Council of Norway's (RCN) Centers of Excellence Project 223272 and RCN project
250111.
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Text S1: Methods

Generating Seafloor Age Grids

Karlsen et al. (2020) developed a code (http://doi.org/10.5281/zenodo.3687548) that generates
seafloor age grids from plate tectonic reconstructions. We used this software to produce age grids
from the present-day back to 400 Ma using the updated plate model of Matthews et al. (2016),
which includes corrections for the Pacific after Torsvik et al. (2019).

Calculating Heat Flow

We divide the surface of the Earth into grid cells (0.5 degree resolution). Because Matthews et al.
(2016) provides the reconstructed locations of continents, and Karlsen et al. (2020) provides
seafloor ages, each cell is at a given point in time (400 Ma to present) defined as either a continent
cell or seafloor cell. A seafloor cell has a crustal age t associated with it, while a continent cell
does not. The heat flow from a continent cell is calculated as 6 TW divided by the total continental
area at the time. The heat flow q(7) from a seafloor cell is calculated after Hasterok (2013) as:

506.7 T2, 1t < 48.1 Myr

9@ = {53 +106 700346077 1> 481 Myr

The result is a global grid, where every cell has a heat flow value assigned to it (Fig. 1a). The total
continental heat flow (Qcont) is 6 TW by our definition, but the total oceanic heat flow (Qocean) iS
calculated by integrating over the ocean basin area.

Separation into Hemispheres

We approximate the Pacific and African mantle domains as two hemispheres, separated by the
60° W and 120°E meridians (see Fig. 1la and 2). These meridians approximately follow the
circumpolar belt of seismically-observed slab material in the mantle, which delineates a curtain of
downwelling flow in the mantle that separates the two hemispheres and prevents heat transfer
between them (Torsvik et al., 2016). To calculate the mantle heat loss associated with each of
these two domains, we integrate the surface heat loss grid (Fig. 1a) over each hemisphere
separately. Since we do not know the time-dependent spatial distribution of the surface heat loss
associated with plumes (3 TW), we add 1.5 TW to each hemisphere’s surface heat loss. We
denote the heat loss from each of the mantle domains Qpac and Qas. Thus, Qpac and Qar each
contain contributions from both oceanic and the continental heat loss, as well as half the global
plume heat flux. Time-variations in Qpac and Qas are plotted in Fig. 3a.

Calculating Mantle Cooling

Based on the mantle heat budget described in Section 3 we can calculate the cooling rates (K/Gyr,
defined as positive when the mantle is cooling, Fig. 3b) of the whole mantle following

dT/dt = (roean + Qcont + Qhotspots - Qradio - Qcore)/(m 6)1

and for each of the two hemispheres

dT/dt = (Qpac — %Qradio - %Qcore)/( %m ),

and
dT/dt = (QAf - %Qradio - %Qcore)/( %m c)-

Here, ¢ = 1250 J/(K kg) and m = 4.01-10%* kg. Note that heat contributions related to radiogenic
heating and core-mantle heat flow are assumed evenly distributed between the two hemispheres.
To obtain mantle cooling curves relative to the present-day (Fig. 3c), the cooling rate curves dT/dt
are integrated backwards in time from 0 Ma to 400 Ma.
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Text S2: Pangea Assembly and Breakup

While the Pacific domain was almost entirely covered by oceanic lithosphere generated by rapidly
spreading mid-ocean ridges for the last 350 Ma (Fig. 1a), the African hemisphere included
abundant continental lithosphere and was characterized by the assembly and breakup of Pangea.
The assembly of Pangea followed the subduction of large ocean basins and major orogenic events
associated with continental collision. This contaminated the asthenosphere of the African mantle
domain with metasomatised mantle wedge material and detached continental lithosphere and
lower continental crust. The sinking slabs of oceanic lithosphere would have contaminated deeper
parts of the sub-Pangean mantle. The chemical imprints of such material are seen in both ocean
island basalts (Doucet et al., 2020) and mid-ocean ridge basalts (Meyzen et al., 2007) of the
African hemisphere, most notably in the DUPAL region of the south Atlantic and Indian basins
(Hart et al., 1984).

The elevated thickness of old oceanic crust close to the passive margins in the African hemisphere
may result from a combination of more fertile sources and an elevated mantle potential
temperature. Both factors were probably important during continental rifting and early spreading
along the Central Atlantic ridge from 195 Ma, along the South Atlantic, Southwest Indian and
Central Indian ridges from about 130 Ma, as well as along the Labrador Sea, Baffin Bay and NE
Atlantic ridges after 62-54 Ma (Torsvik and Cocks, 2017; Jones et al., 2017). Continental break-up
and incipient oceanic spreading caused upwelling and extensive melting of enriched and hot
asthenosphere, stemming from the assembly of, and subsequent thermal insulation by, Pangea.
The eruption of large igneous provinces (LIPs), which instigated rifting and oceanic spreading,
partly preceded and partly accompanied the breakup. In this context, the important LIPs are: the
Central Atlantic Magmatic Province (201 Ma), Karoo-Ferrar (183 Ma), Parana-Etendeka (134 Ma),
Rajmahal (118 Ma), South (114 Ma) and Central (100 Ma) Kerguelen, the Agulhas Plateau (100
Ma), Marion-Madagascar (87 Ma) and the North Atlantic Igneous Province (62 Ma) (Torsvik et al.,
2020). The plume heads associated with these LIP events distributed fertile and hot mantle
material laterally over long distances, commonly exceeding 1000 km. Although the main LIP
activity mostly preceded the early generation of oceanic crust, some of the fertile and hot plume
head material was likely incorporated into the asthenosphere, and may have contributed to the
thick oceanic crust.
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Figure S1: Reconstructed subduction zones through time, draped on the present-day geography and
position of the large low shear velocity provinces (LLSVPSs) of the lowermost mantle (blue polygons).
Reconstructed subduction zones are from the model of Matthews et al. (2016), in the mantle reference
frame. a) 0-130 Ma: time for which longitude is determinable from hotspot tracks. b) 140-320 Ma: less
well-constrained paleogeography back to Pangea assembly (~320 Ma); longitude is assumed by holding
Africa fixed in longitude. ¢) 320-400 Ma: pre-Pangea assembly, even less well-constrained

paleogeography; longitude estimations are based on the plume generation zone method that assumes the
LLSVPs to be fixed.
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Figure S2: The evolution of a 50 K temperature jump over geologic time based on an analytical solution
to the heat equation with a step-function as an initial condition (blue line), see e.g. Stiwe (2002). We note
that it takes several times the age of the Earth for a 50 degree temperature jump to smooth by pure
conduction across ~103 km spatial scales.
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Figure S3: Ambient mantle cooling models and data. Blue curves show mantle cooling models for
different present-day Urey ratios, after Korenaga (2008a,b). Dots indicate petrological estimates of mantle
potential temperature from non-arc lavas (Herzberg et al., 2010). The red line indicates best the fitting
straight line (least squares fit) to the petrological estimates of mantle potential temperature for the past 1
Gyr. The slope of the red line is 155 K/Gyr.
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Figure S4: Time-averaged mantle cooling rates (a-c) and total mantle cooling (d-f) over the past 400 Myr
for a range of radioactive heat production and core heat flow values. Note that the difference between all
corresponding points in e) and f) is ~50 K, indicating that the resulting temperature difference between the
Pacific and African mantle domains is independent of internal heat sources. Dashed red lines indicate the
preferred values of mantle heat sources.
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Figure S5: Mean plate speeds from the Pacific (blue) and African (red) hemispheres, compared to the
global average (black). These are computed based on the plate tectonic reconstruction of Matthews et
al. (2016), corrected after Torsvik et al. (2019).
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Figure S6: Time-dependence of oceanic heat loss (black line), calculated according to the description in
Section 2 of the main text, and compared against the sea level record (blue lines, Hallam, 1992; Haq et
al., 2005; Hag & Schutter, 2008).
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