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Abstract The temperature of the convecting mantle and thickness of the lithosphere control many of Earth's
processes. However, there is disagreement regarding the evolution of these quantities through time. We use a
global data set of mantle xenoliths and xenocrysts to construct paleogeotherms at different eruption ages (16—
1,311 Ma) and estimate the temperature and depth of the lithosphere-asthenosphere boundary (LAB) as a
function of mantle potential temperature (Tp). We find that the maximum pressure and temperature (PT) of
xenoliths matches the modeled LAB conditions when a Tp of 1,315°C is used. At higher Tp (1,450-1,550°C) we
observe a gap between the maximum PT of xenoliths and the LAB conditions. Because this gap systematically
increases with Tp, and the maximum PT of xenoliths has not changed over time, we suggest that there has
actually been only minor (<50°C) changes in mantle Tp since the Meso-Proterozoic.

Plain Language Summary The temperature of the convecting mantle and the thickness of the
lithosphere control many of Earth's processes. There is disagreement as to whether the temperature of the
convecting mantle and thickness of the lithosphere were greater during Earth's early history. In this study we
address this issue by using a global data set of mantle xenoliths and xenocrysts. Xenolith pressure and
temperature (PT) estimates are used to construct paleogeotherms at different eruption ages and values for mantle
potential temperature (Tp) to constrain the conditions of the lithosphere-asthenosphere boundary (LAB). PT
estimates are compared with the LAB conditions at different eruption ages and mantle Tp values. We find that
the maximum PT of the samples are similar to the conditions of the LAB when a present day Tp is used

(Tp = 1,315°C). Models that use a higher Tp (1,450-1,550°C) result in large gaps between the LAB and the
maximum PT of xenoliths and xenocrysts. The size of the gaps increase systematically with higher values for
Tp. This, along with the observation that the maximum PT of xenoliths and xenocrysts has not changed over
time, suggests that Tp and lithospheric thickness were not significantly greater during the Proterozoic.

1. Introduction

Secular changes in the temperature of the convecting mantle and the thickness of the continental lithospheric
mantle (CLM) have been widely debated. These properties are of interest because they influence the stability and
evolution of continents (Lenardic et al., 2003; McKenzie & Priestley, 2008), the volume and composition of
mantle-derived melts (Ganne & Feng, 2017; Herzberg et al., 2007, 2010), the formation and distribution of ore
deposits (Gibson et al., 2024; Hoggard et al., 2020), and the geodynamics of the lithosphere (Korenaga, 2006,
2018; Weller et al., 2019). Specifically, there has been long-standing debate as to whether the temperature of the
convecting mantle, which sets the temperature at the lithosphere-asthenosphere boundary (LAB), and the
thickness of the CLM were greater during the Precambrian than at the present day.

Evidence for secular cooling of the convecting mantle since the Archean has come from three main data sets. (a)
The formation of komatiites during the Precambrian has long been considered as primary evidence for a hotter
convecting mantle during this period (Herzberg et al., 2007, 2010). Komatiites are anomalously hot lavas that
have a temporal and spatial affinity to cratons. Experimental and petrological studies have shown that komatiites
form at high temperatures (>1,500°C) by high-degree partial melting of peridotite (Walter, 1998). With the
exception of several occurrences, these conditions have been absent during the Phanerozoic (Grove & Par-
man, 2004). Modeling of komatiite and basalt compositions suggests that the potential temperature of the mantle
(Tp) (the temperature that the solid adiabatically convecting mantle would have if it could reach the surface
metastably without melting; McKenzie & Bickle, 1988) during the Precambrian may have been up to 400°C
higher than present day (Tp = 1,315°C) (Herzberg et al., 2007, 2010). (b) A second line of evidence has come
from the use of Urey ratios (the ratio of internal heat production to surface heat flux) to calculate mantle Tp back
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through time (Herzberg et al., 2010; Korenaga, 2008b). At lower Urey ratios (0.21-0.38), secular trends in Tp
show an increase from ~1,315°C at present day to ~1,575-1,650°C at ~2.5 Gyr. These results have been sug-
gested to agree with secular cooling trends from komatiites and basalts (Herzberg et al., 2010). If this temperature
range is correct, the maximum thickness of cratons may have exceeded >400 km during the Precambrian (Ballard
& Pollack, 1987, 1988; Hoare et al., 2022). (c) Finally, evidence has also come from diamond inclusions and
mantle-derived xenoliths (Hoare et al., 2022; Kamber & Tomlinson, 2019). Some data sets have recorded
elevated PT estimates relative to present day (>1,500°C and >8 GPa), and/or steeper reconstructed paleo-
geothermal gradients that intersect the mantle adiabat at greater depths, particularly when a higher value for Tp is
considered (Hoare et al., 2022). These observations have been used to infer CLM thicknesses of up to 400 km
during the Precambrian (Hoare et al., 2022; Kamber & Tomlinson, 2019).

Contrasting evidence suggesting that the temperature of the convecting mantle and thickness of the CLM has not
changed significantly has come from three data sets. (a) Inferred lithospheric thicknesses of up to 400 km during
the Precambrian differ substantially from present day values from seismic tomography (Priestley et al., 2024).
Although delamination and thermal-mechanical erosion could be responsible for the removal of part of the CLM
(Bird, 1979; Fan et al., 2000) there remains little evidence that these mechanisms have operated continuously
since the Precambrian beneath all cratons. Estimates of present-day CLM thickness from seismology are also in
close agreement with paleogeotherms for Phanerozoic and Proterozoic xenolith suites (Hoggard et al., 2020;
Sudholz et al., 2022, 2023). (b) The significance of komatiites and basalts in secular cooling models for Earth
have been widely discussed. Some authors suggest that there is little evidence for secular change in the MgO
concentration of these rocks, particularly during the Archean (Campbell & Griffiths, 2014; Kamber, 2010;
Kamber & Tomlinson, 2019), and that basaltic magmas have persisted through geological time with similar mean
MgO content as far back as the Paleoarchean (Kamber, 2015). Additionally, some models using komatiites and
basalts (Ganne & Feng, 2017; Keller & Schoene, 2018) suggest that Tp has only cooled slightly (<200°C) since
2.5 Gyr. The role of higher Tp in komatiite petrogenesis forms the cornerstone for many ‘hot early Earth’ models.
However, several studies have shown that they may also form in comparatively cooler mantle settings. For
example, McKenzie (2020) demonstrated that komatiites can form by relatively low-degree partial melting at the
base of the upper mantle and be transported in plumes no more than ~50 °C hotter than present-day examples.
Further, several studies have suggested that komatiites can also form by shallow-level wet-melting above sub-
duction zones (Grove & Parman, 2004). (c) Finally, there is considerable uncertainty over the use of Urey ratios in
defining thermal evolution trends for Earth, both in terms of the value at the present day (Davies, 2009; Kore-
naga, 2008a, 2008b; Lenardic et al., 2011), and the likelihood that it has changed through time (Jaupart
et al., 2007).

Despite decades of research there is still disagreement as to whether the temperature of the convecting mantle and
the thickness of the CLM were greater during the Precambrian. In this study we address this issue using mantle
xenoliths, xenocrysts, and diamond inclusions hosted in kimberlites and related rocks. We use the equilibration
pressures and temperatures (PT) of these samples, in conjunction with paleogeotherm models, to constrain the PT
conditions of the LAB through time as a function of Tp and eruption age. Our results have important implications
for developing and interpreting geodynamic models of early Earth and for understanding temporal and spatial
changes in past and present Earth processes.

2. Mantle Xenolith Data Set

Mantle xenoliths and xenocrysts are the products of sampling of the lithospheric mantle by rapidly ascending
magmas such as kimberlites (Pearson et al., 2003). Xenoliths and xenocrysts provide snapshots of the compo-
sition and lithology of the CLM at the time of eruption. When used in conjunction with geothermobarometers and
paleogeotherm models, they can be used to constrain the temperature and thickness of the CLM at the time of
eruption, including the temperature of the LAB. To study the spatial and temporal changes in the temperature and
thickness of the lithosphere we have compiled a published global data set of xenoliths and xenocrysts (Figure 1).
Our data set includes samples from most cratons and covers host-rock eruption ages from the Miocene to
Paleoproterozoic. We analyze the chemical concentrations of major and minor oxides in clinopyroxene, because it
is an abundant mineral in the CLM and can be used to calculate the equilibration PT at the time of eruption. We
obtain these PT conditions using single-grain geothermobarometry, which can be applied to large suites of
disaggregated xenoliths where key geothermobarometric phases such as olivine and orthopyroxene may be ab-
sent. The application of single-grain clinopyroxene geothermobarometry to experimental and natural data sets is
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Figure 1. Summary of the mantle xenolith and xenocryst locations used in this study overlain on the modeled global lithosphere thickness (CAM?2024; Priestley

et al., 2024). Symbols for mantle xenoliths and xenocrysts includes our global compilation of samples as well as the sample locations used for paleogeotherm modeling
(see Methods). Also shown is the approximate outlines of cratonic lithosphere and cratonic super-terranes. The emplacement ages of mantle xenolith and xenocrysts are
expressed in a histogram (top-right) (BIN = 100 Myr). Refer to the supplementary file for the emplacement ages of the samples and details on the samples and
references.

well documented and the sources of errors are understood (Nimis & Griitter, 2010; Ziberna et al., 2016). Cli-
nopyroxene compositions were typically measured using an electron probe microanalyzer. To ensure a consistent
level of data-quality we have excluded clinopyroxenes with major and minor oxide totals outside of the range 98—
102 wt% and cation normalized totals outside of the range of 3.98-4.02 cations per formula unit. The equilibration
PT of clinopyroxenes were determined using the single-grain Cr-in-clinopyroxene geobarometer and enstatite-in-
clinopyroxene geothermometer (Nimis & Taylor, 2000; Sudholz et al., 2021). The geothermobarometer is
suitable for clinopyroxenes that equilibrated with garnet and orthopyroxene in a peridotitic source. To ensure
equilibration with these phases we have applied the filtering method of Ziberna et al. (2016). Our final data set
contained 7,303 clinopyroxenes.
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3. Paleogeotherm Modeling

Because kimberlites and related volcanic rocks form by low degree partial melting within the convecting mantle
or near the lithosphere-asthenosphere boundary (Foley et al., 2019; Tappe et al., 2018), xenoliths can sample PT
conditions over large depth ranges within the lithospheric mantle. Constructing paleogeotherms to reproduce
these PT estimates provides a method to assess secular changes in the thermal structure of the lithosphere,
including the conditions of the LAB. Paleogeotherms were constructed using a method based upon McKenzie
etal. (2005), which is also the method used by FITPLOT (Mather et al., 2011). Rather than fix the values of poorly
known parameters (crustal thickness in the past, heat production rates, Tp), we instead calculate many paleo-
geotherms spanning wide ranges of geologically plausible input parameters and count all models as ‘successful’
that reproduce the PT estimates to within a specified tolerance (typically root mean square (RMS) misfits to the
entire data set for each locality of <60-75°C). We then analyze the parameters of all successful models (Sup-
porting Information S1). We only apply this technique to a subset of our PT estimates, which are from individual
localities (n = 22) that sample a wide enough range of P conditions to allow well-constrained paleogeotherms to
be produced. Our RMS misfit approach excludes xenolith suites that have experienced significant pre-eruption
thermal perturbations (e.g., Liu et al., 2022), because these do not plot along a conductive geotherm and so
result in misfits above our cut-off level. Additionally, we exclude any locations where visual inspection reveals
thermal perturbations, expressed as a noticeable skew in PT determinations away from a conductive geotherm
(such as Cullinan (Nimis et al., 2020), Ashmore (Sudholz et al., 2023), and Udachnaya (Liu et al., 2022), where
thermally perturbed samples form arrays sub-parallel to the mantle isentrope).

The paleogeotherm models allow us to estimate the temperature throughout the lithosphere based upon our
(varied) input parameters, which are the thicknesses and radiogenic heating rates of the upper and lower crust, and
the heat flux through the lithospheric mantle (example paleogeotherms are shown on Figure 2). The conditions at
the base of the lithosphere for each model can be estimated by examining where the successful paleogeotherms
intersect mantle isentropes calculated for a range of values of Tp (i.e., the intersection of the paleogeotherms with
the dashed lines on Figure 2). We use a range of values of Tp, constructed by varying dT/dt (°C Gyr™"), where T is
the mantle Tp, and t is age in Gyr, and cooling through time is defined as positive values. Five values for dT/dt
were considered: dT/dt = 0, 25, 50, 75, and 100°C Gyrfl. Models using a dT/dt of 0°C Gyrfl have a Tp that does
not change through time from the present day value of Tp = 1,315°C. Conversely, models using a dT/dt of 100°C
Gyr~! have a Tp that changes by 100°C per Gyr, such that at 2 Gyr the Tp = 1,515°C, equivalent to the estimates
of Herzberg et al. (2010) and Korenaga (2008b). Using a linear change in Tp through time is an acceptable
approximation to curves calculated from the Urey ratio approach for the time interval over which the xenoliths
erupted (<1.3 Ga). The Tp values used in the calculations at the time of eruption for each location were calculated
using the different values for dT/dt and published geochronological data for eruption age (Supporting Infor-
mation S1; Sudholz & Copley, 2024).

An example model result is shown for the 1.3 Ga Argyle lamproite on Figure 2. The successful paleogeotherms
calculated using a range of input parameters are shown as gray lines on Figure 2a. The paleogeotherms encompass
all successful models that fit the xenolith and xenocryst PT data with an RMS misfit of <60°C. The ranges in
crustal thickness for the successful models are shown as histograms on Figures 2b and 2¢. Additionally, the ranges
in heat production (x Wm™>) within the upper and lower crust are shown on Figures 2d and 2e respectively. The
successful values of the heat flux through the lithospheric mantle are shown in Figure 2f. We also illustrate the
difference in temperature (T-gap) and pressure (P-gap) between the highest xenolith T and P estimates and the
modeled LAB conditions, as a function of dT/dt and using the eruption age of ~1.3 Gyr (Figures 2g—2n).

4. Results and Conclusions

PT estimates of our global xenolith and xenocryst data set span 2.0-8.4 GPa and 453-1,449°C, and are sum-
marized on Figure 3a. The maximum PT values are similar to estimates using other geothermobarometers (Nickel
& Green, 1985; Taylor, 1998). The similarity suggests that mantle xenoliths and xenocrysts record similar
equilibration pressures and temperatures within the mantle, and that our geothermobarometer choice has not
inadvertently biased the PT range. The range in PT estimates are similar for all sample types (mantle xenoliths,
single-grain xenocrysts and diamond inclusions; Figure 3a). This similarity suggests that diamond inclusions did
not equilibrate in an anomalously thicker or hotter mantle setting, which is an important observation because
previous studies (Hoare et al., 2022) have suggested that the PT estimates of diamond inclusions may record
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Figure 2. Summary of the paleogeotherm model for Argyle (1.3 Gyr). (a) Successful paleogeotherm models (gray lines) that fit xenolith and xenocryst PT estimates
(black circles). Dashed lines are mantle isentrope calculated using Tp = 1,315°C (lowest line), and then at intervals of 50°C from 1,350°C to 1,650°C. Histograms of the
range in total crustal thickness (b) and upper crustal thickness (c) (both km) for successful paleogeotherm models. In all histograms, the y-extent corresponds to the total
number of successful models. Histograms of the range in upper (d) and lower (e) crustal heat production (HP) (both u W/m3) for successful paleogeotherm models.
Histogram of the mantle heat flux (mW/m?) for successful paleogeotherm models (g)—(j) Histograms of the range in the width of the P-gap for successful paleogeotherm
models completed at different values for dT/dt (refer to Figure legend for dT/dt value) (k—n) Histograms of the range in the width of the T-gap for successful paleogeotherm
models completed at different values for dT/dt (refer to Figure legend for dT/dt value).

steeper paleogeotherm gradients thought to be indicative of a thicker Precambrian CLM. The relationship be-
tween the equilibration PT and eruption age shows a near horizontal trend through time, becoming sparsely
sampled at >1.3 Ga (Figures 3b and 3c). This pattern shows that samples were not sourced from hotter or deeper
mantle conditions in the Proterozoic relative to present day. If the CLM had systematically thinned and/or cooled
since the Precambrian, it is expected that older xenoliths and xenocrysts would sample higher pressures and
temperatures than more recent ones. The consistency in the PT estimates through time is therefore suggestive that
there has been a negligible change in the temperature (<100°C) and lithosphere thickness (<25 km) of most
cratons since the Proterozoic. We now investigate these findings further using the results of the paleogeotherm
modeling. This modeling is used because the thermal gradient within the lithosphere does not, on its own, imply a
similar lithosphere thickness and Tp in the past. To investigate that issue, we compare the xenolith and xenocryst
results to the results of the paleogeotherm models, to investigate what values of Tp and lithosphere thickness are
consistent with the observations.
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Figure 3. Estimates of the PT estimates of mantle xenoliths, xenocrysts and diamond inclusions from a global data set, which passed the filtering processes described in
the text. (a) PT estimates of clinopyroxene mantle xenoliths and xenocrysts (gray circles) and clinopyroxene diamond inclusions (diamonds). (b) Relationship between
the P of clinopyroxenes and the eruption age of the host rock. (c) Relationship between the T of clinopyroxenes and the eruption age of the host rock.

The range of successful paleogeotherm models for all localities (results equivalent to Figure 2 are presented in
Supporting Information S1) show crustal thicknesses between 20 and 80 km, with most models concentrated
between 30 and 50 km. This range is similar to seismological estimates at the present day in the cratonic regions
where our xenolith suites occur (Szwillus et al., 2019). This similarity is expected given that the generally
undeforming nature of these regions would result in limited changes in crustal thickness since the Proterozoic and
supports the effectiveness of paleogeotherm modeling. The thickness of the upper crust, and the rates of radio-
genic heating in the upper and lower crust, trade-off against each other so are not well constrained. Conversely,
the heat flux through the CLM is tightly constrained by the PT estimates and varies between ~7 and 20 mWm >
(Supporting Information S1), which is similar to published models for the present day (Jaupart et al., 1998;
McKenzie et al., 2005).

The relationship between the size of the T-gap and P-gap between the hottest and deepest samples in each locality
and the modeled LAB conditions, eruption age (Gyr), and change in Tp over time (dT/dt; °C Gyr™") are sum-
marized on Figure 4. The symbols are the mean T-gap and P-gap for each sample location, determined from the
full range of successful paleogeotherms, and the bars show the range covered by the successful models (16). The
gray lines show linear fits to the results. Paleogeotherms made using a fixed Tp of 1,315°C (dT/dt = 0°C Gyr™")
show no systematic change in the size of the P-gap (Figure 3a) and T-gap (Figure 3b) with increasing eruption
age. The P-gap and T-gap are typically 0-0.7 GPa and 0-50°C. It is likely that these values represent the thickness
of, and temperature contrast across, the thermal boundary layer at the base of the lithosphere (Priestley
et al., 2024). Our method of estimating LAB conditions by the intersection between a conductive paleogeotherm
and a mantle isentrope neglects the existence of this boundary layer, and it is likely that the mantle xenoliths and
xenocrysts will not sample this thin region at the base of the plate undergoing small-scale convection.

Paleogeotherm models made using higher values for the change in Tp through time result in systematic increases
in the size of the T-gap and P-gap with increasing eruption age (Figures 3c-3j), indicating a considerable
discrepancy between the maximum PT of xenoliths and xenocrysts and the modeled LAB conditions. We
interpret this pattern to mean that the Tp and lithosphere thicknesses in the studied locations have remained
roughly constant over the ~1.3 Ga time interval over which the xenoliths and xenocrysts had erupted, and that
increasing Tp in the models results in the artificial creation of thick layers of mantle lithosphere that did not exist
and are therefore not sampled by the xenoliths and xenocrysts.
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Figure 4. The relationship between the size of the T-gap and P-gap between the hottest and deepest xenoliths and xenocrysts in each locality and the modeled LAB
conditions, xenolith and xenocryst eruption age, and change in Tp over time (dT/dt; °C Gyr™"). Each symbol is a different sample location. The T-gap and P-gap at each
location were determined from the paleogeotherm models by calculating the PT difference between the modeled LAB and the average PT of the deepest and hottest
xenolith and xenocryst sample at each location (in Supporting Information S1; Sudholz & Copley, 2024).

An alternative suggestion that samples are not recovered from near the base of the lithosphere is inconsistent with
the low T- and P-gaps for modern and recent suites, showing that the xenoliths and xenocrysts sample near the
LAB. A further alternative that the Proterozoic lithosphere was thicker, but contained a clinopyroxene-absent
lower portion, is made unlikely by the difficulty in producing such a melt-depleted layer over a narrow depth
range. Additionally, the depth of clinopyroxene depletion would be required to be coincidentally similar to the
hypothetical greater thickness of the lithosphere in the past when compared to the present day. The occurrence of a
universal clinopyroxene-free layer along the base of the CLM is not supported by global compilations of mantle-
derived garnet xenocrysts which show that CaO-depleted varieties are more common within the shallow to middle
CLM as opposed to the deeper CLM (Griffin et al., 2003, 2004). These findings are consistent with phase
equilibria models for a representative peridotite, KLB-1, which show that the clinopyroxene-out reaction occurs
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at >1,650°C at pressures of >5 GPa (Riel et al., 2022), implying that clinopyroxene is stable throughout the
lithosphere in generic compositions, with clinopyroxene-absent assemblages being limited to those that have
experienced unusually large amounts of depletion (e.g., Walter, 1998; and the depleted Harzburgite sample
BP002 modeled by Tomlinson & Holland, 2021). A final possibility of xenolith and xenocryst extraction not
being possible at the depths and temperatures represented by hypothetical thicker Proterozoic craton roots is
equally unlikely, given the lack of a dynamic reason why extraction should be possible between ~2 and 7 GPa and
~500-1,400°C (Figure 3), corresponding to the present-day thickness, but not an additional ~1-2 GPa and ~100—
200°C beneath that. Such a suggestion implies that there is no cut-off temperature within lithospheric conditions
beyond which xenoliths and xenocrysts cannot be extracted from the walls of a melt conduit. Our use of cli-
nopyroxene xenocrysts, which are less dense and easier to entrain in a kimberlite melt in comparison to large
multi-mineralic mantle xenoliths, strengthens this assumption, especially given that there is no systematic offset
in maximum temperatures between xenoliths and xenocrysts. Additionally, because kimberlites form within the
convecting mantle, it is reasonable to assume that entrainment likely commences once these magmas enter the
lithosphere, regardless of depth and temperature of the LAB. Finally, comparable PT ranges for different geo-
thermobarometers, and the wider calibration range of our chosen calibration, rules out any possible biases that
may result for the methods used for the determination of PT. Therefore, taken together, our results suggest that
any changes in Tp or lithosphere thickness in our studied locations has been irresolvably small, <100°C and
<25 km, since ~1.3 Ga. Such an interpretation is also consistent with the lithosphere thicknesses calculated from
the xenoliths and xenocrysts using present-day Tp agreeing with seismological estimates (Priestley et al., 2024,
Figure 1).

The absence of mantle xenoliths and xenocrysts erupted before 1.3 Ga that are amenable to the techniques used in
this paper places limits on how far back through geological time our results apply. It is known that some amount of
secular cooling of the mantle must have occurred, as indicated by the presence of komatiites from the first half of
Earth's history (Nesbitt et al., 1982). If the secular cooling was approximately constant through time, then our
results indicate that the Tp in the Archean was likely to have been only up to 100°C hotter than present day. These
results are consistent with those of McKenzie (2020), who showed that komatiites can be produced by mantle
plumes only ~50°C hotter than those at the present day, and with global compilations which record only slight
changes in basalt major oxide compositions since the Proterozoic and Archean (Ganne & Feng, 2017; Keller &
Schoene, 2018). We therefore suggest that there have only been modest changes in Tp through time, or,
considerably less likely, that any significant cooling occurred only before ~1.3 Ga, by some unknown mechanism
that has since ceased to operate.

A wider implication of our results is that there is no significant change in heat flux through the mantle lithosphere
as a function of time, since the mid-Proterozoic (see Figure S3 in Supporting Information S1). Reproducing this
feature with a different Tp or lithosphere thickness would require the two parameters to vary in tandem, main-
taining a constant heat flux. However, our results above regarding the absence of hot and deep xenoliths or
xenocrysts that could be sampling such thicker, hotter, lithosphere shows that the limited range in heat flux is
instead due to similar Tp and lithosphere thicknesses since ~1.3 Ga.

A school of models that invoke hot and/or thin lithosphere in the Proterozoic (Roberts et al., 2023; Spencer
et al., 2021; Tang et al., 2021) may be relevant to young deformation belts, but our results show that they do not
apply to the stable continental interiors sampled by kimberlites that we have studied here. Limited changes in Tp
over the time period we have studied further imply minimal changes in the buoyancy force acting on subducting
slabs (Weller et al., 2019), or in the mechanical strength of the continental lithosphere (Copley & Weller, 2024).
Between them, these features support conceptual models that invoke minimal changes in the tectonic behavior of
the Earth since the mid Proterozoic (Cawood et al., 2018). Furthermore, the minimal variation in Tp since the mid
Proterozoic implies that the Earth's Urey ratio is either high (Herzberg et al., 2010), or perhaps more likely that it
changes through time (Jaupart et al., 2007).
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