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Greenstone basalts and komatiites provide a means to track both mantle composition and magma
generation temperature with time. Four types of mantle are characterized from incompatible element
distributions in basalts and komatiites: depleted, hydrated, enriched and mantle from which komatiites
are derived. Our most important observation is the recognition for the first time of what we refer to as a
Great Thermal Divergence within the mantle beginning near the end of the Archean, which we ascribe to
thermal and convective evolution. Prior to 2.5 Ga, depleted and enriched mantle have indistinguishable
thermal histories, whereas at 2.5e2.0 Ga a divergence in mantle magma generation temperature begins
between these two types of mantle. Major and incompatible element distributions and calculated
magma generation temperatures suggest that Archean enriched mantle did not come from mantle
plumes, but was part of an undifferentiated or well-mixed mantle similar in composition to calculated
primitive mantle. During this time, however, high-temperature mantle plumes from dominantly
depleted sources gave rise to komatiites and associated basalts. Recycling of oceanic crust into the deep
mantle after the Archean may have contributed to enrichment of Ti, Al, Ca and Na in basalts derived from
enriched mantle sources. After 2.5 Ga, increases in Mg# in basalts from depleted mantle and decreases in
Fe and Mn reflect some combination of growing depletion and cooling of depleted mantle with time. A
delay in cooling of depleted mantle until after the Archean probably reflects a combination of greater
radiogenic heat sources in the Archean mantle and the propagation of plate tectonics after 3 Ga.

� 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

To address the question of if and when Earth evolved from a
stagnant lid to a plate tectonic regime, it is important to have an
understanding of the chemical (Hofmann, 1988; Condie, 1994;
Herzberg, 1995; Campbell, 2002) and thermal history of the
planet (Davies, 2007; Labrosse and Jaupart, 2007; Nakagawa and
Tackley, 2012; Van Hunen and Moyen, 2012; Hoink et al., 2013;
Korenaga, 2013). A stagnant lid regime exists today on the Moon,
Mars and probably on Venus, and is characterized by conductive
and heat-pipe volcanic heat loss through a “one-plate” lithosphere.
Although numerous papers have been published on this topic, we
still have important outstanding questions. One issue not
of Geosciences (Beijing).
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addressed is the compositional and thermal history of different
types of mantle. Today we know that the mantle beneath ocean
ridges is considerably cooler than the mantle source for oceanic
island basalts such as Hawaii (Herzberg et al., 2007; Lee et al.,
2009). Furthermore, geochemical and isotopic studies indicate
the existence of several compositional reservoirs in the mantle
(Hofmann, 1988). To better understand the thermal and tectonic
history of the mantle, we must track these reservoirs through time.

One approach to this problem is to use basalts and komatiites,
which are produced in the mantle and carry information on the
thermal and compositional properties of their sources (Condie,
1994; Hofmann, 1997). Furthermore, these rocks occur in green-
stones, which allow us to track these properties of the mantle to at
least 3.8 Ga (Abbott et al., 1994; Herzberg et al., 2010). In this study,
we make use of an extensive database of well-dated greenstone
basalts and komatiites to track through time major element and
mantle magma generation temperature (Tg) of oceanic mantle
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domains. Incompatible trace element distributions are discussed in
previous studies (Condie, 1994, 2003, 2015). Depleted mantle (DM)
is sampled today by ocean ridge basalts and has an average mantle
magma generation temperature (Tg) of 1350e1380 �C; enriched
mantle (EM) is sampled at hot spots and has a Tg of 1450e1500 �C;
komatiites are sampled in the Phanerozoic at only one location
(Gorgona Island 90 Ma) and may come from plume tails with
temperatures near 1600 �C (Campbell et al., 1989); and the fourth
type of mantle, hydrated mantle (HM) characterizes convergent
plate margins and has a present-day Tg similar to DM. The tectonic
settings and mantle sources of modern oceanic basalts can be
tracked with some degree of certainty to at least 2.2 Ga. The tight
grouping of incompatible element ratios of non-hydrated mantle
basalts �2.5 Ga suggests the mantle was well mixed by the late
Archean (Condie, 2015).

Themost exciting result of this study is that for the first time, we
are able to track both thermal and compositional properties of
depleted and enriched mantle through time and show that a great
divergence in these properties occurred soon after the end of the
Archean.

2. Methods

We limit our definition of basalt to samples with MgO of
7e17 wt.% and SiO2 of 45e55 wt.% and komatiites are restricted to
MgO of 17e35 wt.%, the upper limit imposed to eliminate rocks that
may contain cumulus olivine. Using a smaller MgO range for
komatiites (i.e., 20e30 wt.%) does not significantly change the me-
dian values upon which our interpretations are based. We group
modern oceanic mantle into three categories (depleted (DM),
enriched (EM), and hydrated (HM)mantle) based of a combination of
geologic and incompatible element characteristics of greenstone
basalts as summarized in Condie (2015, 1994) and to this we have
added a fourth category, mantle sampled by komatiites (KM), which
is rarely sampled after the end of the Archean (Arndt et al., 2008).
These geochemical domains are hypothetical end members and as
recorded by modern basalts and komatiites (Hart, 1988; Hofman,
1997; Stracke, 2012) and listed in the previous paragraph. The de-
tails of how each of these mantle domains is defined are given in
Condie (2015) and are not repeated here. Also as discussed by Condie
(2015), these mantle domains may exist in stagnant lid planets, and
hence tracking them into the Archean and Hadean on Earth may not
beequivalent to trackingplate tectonics onEarth into these early time
periods. Below we discuss the major element characteristics of the
basalts and komatiites through time and how they relate to mantle
source compositions. Major element distributions are important in
that they track (1) thedegreeofmeltingofmantle sources, and (2) the
degree of depletion (with elements such as Ti) of the source with
time. However, these changesmay not track tectonic regimes prior to
2.5Ga if Earth transitioned into a stagnant lid regime during this time
(Van Hunen and Moyen, 2012; Condie, 2015).

Major elements are also used to calculate mantle magma gen-
eration temperatures (Tg) using the methods described in Lee et al.
(2009). Because our approach in calculating primary magma
compositions requires a reverse fractionation correction, samples
were first filtered to include only those basalts with MgO of
7e17 wt.% in order to minimize the extent of fractional crystalli-
zation. We also eliminated samples that may contain cumulus
minerals (chiefly olivine) as reported in the original publications.
The primary magma composition is estimated by incrementally
adding equilibrium olivine back into themagma, assuming Fe2þ/Mg
exchange relationship as detailed in Herzberg and Asimow (2008),
and Lee et al. (2009). This assumes that the magmas were saturated
in olivine, not along a cotectic or with other phases. Selecting
magmas with MgO of 7e17 wt.% minimizes these problems, but
issues still remain for magmas undergoing pyroxene fractionation
or derivation from pyroxenite sources. For the former, we use the
filter based on Ca from Herzberg et al. (2007) and Herzberg and
Asimow (2008), and for the latter, we select only samples with
Fe/Mn ratios between 50 and 60. We terminate olivine addition
when the olivine composition reaches a forsterite (Fo) content of
91. Magmas are assumed to be relatively un-oxidized, so an atomic
Fe3þ/FeT of 0.1 is assumed. We recognize that there are different
approaches to estimating primary magma composition. There is no
doubt some uncertainty in assuming a fixed final forsterite content
because this quantity varies with the extent of melting; our
approach over-estimates temperatures if melting degrees are lower
and under-estimates if melting degrees are higher than implied.
Herzberg et al. (2007) simultaneously solved for temperature and
melting degree in an attempt to reduce the arbitrariness of
assuming a final forsterite content. Putirka (2005) used the same
approach as ours, but chooses to terminate olivine addition at the
highest forsterite content observed; this approach assumes that the
magma is in equilibriumwith the most depleted mantle residuum,
but most magmas represent aggregate polybaric liquids so the
average composition of the residues is more appropriate. There are
thus inherent, but poorly constrained biases in each of these ap-
proaches and it is not clear whether any approach is superior. What
we have done is to apply our approach consistently for all samples
in order to evaluate whether any robust secular trends in temper-
ature exist. The effects of variations in source composition, cotectic
crystallization, magma mixing, and recharge (Lee and Bachmann,
2014) yield uncertainties in primary magma composition greater
than our assumption of final forsterite content.

Temperatures of the primary magmas are estimated using MgO
and SiO2 thermobarometry following Lee et al. (2009). Considering
all of the sources of error in the calculations, we consider the un-
certainty range of our temperature calculations of �50e100 �C.
Because of difficulties in estimating equilibrium olivine composi-
tion and identifying samples with cumulus olivine, we do not
calculate Tg for komatiites, but rather use published data of from
Herzberg et al. (2007) and Herzberg and Asimow (2008). More
detailed discussion of uncertainties of temperature calculations is
given in Herzberg et al. (2007) and Lee et al. (2009).

Our calculated magma generation temperatures and pressures
most likely represent an average temperature and pressure of
pooled melts generated by decompression melting and therefore,
reflect the average melting conditions in the mantle source. Strictly
speaking, these temperatures do not correspond exactly to the
mantle potential temperature (Tp) because latent heat absorption
during adiabatic decompressionmelting causes a slight temperature
decrease relative to the solid mantle adiabat. However, given the
uncertainties in correcting for latent heat release, making this
correction is not justified. For a low degree of melting (10e20%), the
difference between melting temperatures and the solid mantle
adiabat are small (<30 �C), and the differences between the melting
temperatures and magma generation temperature are even smaller.
For high degree melts (>30%), however, melting temperatures may
under-estimate magma generation temperature by �100 �C.

3. Results

3.1. Major element distributions

Filtering our geochemical database for alteration and extensive
fractional crystallization eliminated 40% of the basalts (from 5669
to 3414 samples) and 66% of the komatiites (from 3267 to 1118
samples). The filtered database with calculated mantle magma
generation temperatures and depths of magma equilibration is
given in Appendix 1.
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Secular changes in MgO are summarized in Fig. 1 for the four
mantle domains. In this and other secular figures, median values
with one standard deviation are shown for each of five age win-
dows. Basalts from hydrated (HM) and depleted mantle (DM) show
similar MgO distributions with time with medians around
8e10 wt.% MgO (Fig. 1a, b). The somewhat higher MgO values in
early Archean basalts (ca. 3.8 Ga) (median ¼ 11 wt.%) could be
biased, since they come mostly from one locality, the Isua green-
stone in Southwest Greenland (Appendix 1). Basalts from enriched
sources (EM, Fig. 1c) also have rather similar distributions through
time with median values (11e12%) greater than DM and HM types.
If picrites are defined as samples with�12wt.% MgO, 58 wt.% of EM
basalts and 26 wt.% of HM-DM basalts are picrites. In contrast to
basalts, komatiite MgO decreases through the Archean (median
values drop from 27 to 25 wt.%, which may not be statistically
significant), stabilizing at a median value around 22 wt.% MgO
thereafter (Fig. 1d). MaximumMgO values in komatiites at 2 Ga are
about 30 wt.% and the very young komatiites (�300Ma) range only
to 28 wt.% MgO. Because of relatively few samples between 2.5 and
2 Ga, the drop in maximumMgO at the end of the Archean may not
be representative. If real, however, from 2.7 to 2.0 Ga the maximum
MgO decreases only from 35 to 30 wt.% rather than from 35 to
23 wt.% as suggested by Campbell and Griffiths (2014) based on
fewer samples. Our results differ dramatically from those of Keller
Figure 1. Secular variation in MgO in greenstone basalts (MgO 7e17 wt.%) and komatiites (M
windows specified below. (a) HM, hydrated mantle: �300, 1400e400, 2200e1600, 3100e2
�3400 Ma; (c) EM, enriched mantle: �350, 1765e400, 2300e1800, 3000e2400, �3200 Ma
and Schoene (2012) for mafic igneous rocks. The large decline
shown in their results for MgO at the end of the Archean may be
due ultramafic and komatiitic rocks included in their database,
which has a SiO2 range of 43e51 wt.%.

Unlike MgO, FeOT (total Fe as FeO) drops in DM and HM basalts
with time frommedian values in the Archean of 10e11 to 9 wt.% in
the Phanerozoic (Fig. S1a, b). In contrast, FeOT in EM basalts and in
komatiites stays rather constant with time with median values
around 11 wt.% (Fig. S1c, d). Although ferropicrites and ferroko-
matiites (�15 wt.% FeOT) are more abundant in the Archean than
afterwards as pointed out by Francis et al. (1999), there is no
compelling evidence for a decrease in average FeOT in either
komatiite or EM basalts with time, an observation in agreement
with that of Gibson (2002). Since only a very small proportion of
Archean basalts and komatiites are ferropicrites (2.5%) or ferroko-
matiites (1.5%), only localized Fe-rich regions in the lower mantle
may be required in the Archean, if these distributions are repre-
sentative of source volumes. Mg number (Mg#) (MgO/
(MgO þ FeOT), molecular ratio) is important in that it tracks source
depletion and degree of melting, but has the disadvantage that it is
also affected by fractional crystallization. Median Mg# values in-
crease in DM and HM basalts with time and especially in the last
500 Myr (Fig. S2). This is chiefly in response to the corresponding
decrease in FeOT, probably reflecting an increasingly depleted
gO 17e35 wt.%). Also shown are median values and one standard deviation for the time
500, �3500 Ma; (b) DM, depleted mantle: �250, 1300e400, 2000-1600, 3100-2500,
; (d) komatiites: �350, 2200e1830, 2600e2400, 3000e2600, �3200 Ma.
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source with time as well as a decreasing degree of melting. Mg#

tends to be a little lower in EM basalts in the Archean than after-
wards (median of 65 in the Archean compared to 66e69 there-
after), and the decrease in Mg# in komatiites at the end of the
Archean reflects the corresponding drop in MgO at this time.

TiO2 distribution is similar in DM-HM basalts through time,
showing perhaps a slight increase in median values and an increase
in the scatter in the last 1000 Myr (Fig. 2a, b). TiO2 in EM basalts is
relatively low in the Archean (median ¼ 0.63e0.65 wt.%) compared
to later times (median ¼ 0.95e1.06 wt.%) and both the scatter and
the median value increase in the last 500 Myr (Fig. 2c). A change in
TiO2 in komatiites comes at the end of the Archean when median
values increase from 0.3e0.4 to 0.6 wt.% and remain relatively
constant thereafter (Fig. 2d). The median FeOT/TiO2 ratio in HM-DM
basalts decreases with time from ca. 16e18 in the Archean to 10e15
thereafter (Fig. S3a, b). EM basalts showa dramatic drop in FeOT/TiO2
frommedian values of 17e18 in the Archean to 8e11 thereafter, and
the variation in this ratio is also greater in Archean EM basalts
(Fig. S3c). The ratio also drops from median values of 26e30 in
Archean komatiites to 17e18 thereafter (Fig. S3d). It is important to
point out that the secular decreases in FeOT/TiO2 in EM basalts and
komatiites are controlled chiefly by parallel increases in TiO2 and not
Figure 2. Secular variation in TiO2 in greenstone basalts (MgO 7
by changes in FeOT. Hence, the FeOT/TiO2 ratio should not be used to
monitor the Fe content of the lower mantle as suggested by Francis
et al. (1999). CaO has similar distributions with time in DM, HM and
EM basalts (median around 10 wt.%) with an increase in DM basalts
in the last 250 Myr (Fig. S4aec). In contrast, komatiites show a
notable change at the end of the Archean when median CaO values
increase from 6.5e7.5 to 9 wt.% (Fig. S4d). Na2O is rather constant in
HM basalts with time, but there is an increase in median values of
DM basalts from 1.6e1.9 wt.% in the Archean to 2e2.5 wt.% there-
after; there is also a drop in Na2O in DM basalts in the last 250 Myr
paralleling an increase in CaO at this time (Fig. S5a, b). EM basalts
show a uniform distribution in Na2O with time
(median ¼ 1.6e1.9 wt.%) (Fig. S5c). Median values of Na2O in
komatiites are low in rocks �2 Ga (0.2e0.6 wt.%), but increase in
komatiites <300 Ma (median ¼ 0.8 wt.%) (Fig. S5d). Although there
is considerable scatter in K2O in basalts and komatiites, probably due
to remobilization, the median values in all populations tend to
remain rather constant with time. The increase inmedian K2O in EM
basalts after 2 Ga may be due to continental contamination of flood
basalts (Fig. S6). MnO follows FeOT and shows a decrease with time
in DM and HM basalts, but remains rather constant in both EM ba-
salts and komatiites (graph not shown). Median values of SiO2 in DM
e17 wt.%) and komatiites. Other information given in Fig. 1.



K.C. Condie et al. / Geoscience Frontiers 7 (2016) 543e553 547
and HM basalts tend to remain rather constant with time (ca.
50 wt.%), but EM basalts decrease from the Archean
(median ¼ 50e52%) to the post-Archean (median ¼ 48e49%)
(Fig. S7aec). Komatiites have similar median SiO2 values with time,
with a possible drop in the last 300 Myr (from 47e48 to 46 wt.%)
(Fig. S7d).

Al2O3 is rather invariable with time in DM and HM basalts
(medians around 15 wt.%), although early Archean DM basalts
(controlled entirely by samples from the Isua greenstone in
Southwest Greenland) have a distinctly lower median (ca. 11 wt.%)
(Fig. 3a, b). EM basalts have lower Al2O3 (10e13 wt.%) through time
than DM-HM basalts (Fig. 3c). Although this difference might
reflect different degrees of melting, it might also reflect different
depths of melt segregation that arise because the post-2.5 Ga EM
basalts include many flood basalts that could have erupted through
thick lithosphere. Archean median values for EM basalts are similar
to post-Archean medians, although the early Archean value is
distinctly low (ca. 9.5%). Archean and Paleoproterozoic komatiite
medians are low in the range of 5e7% compared to young
komatiites with a median of ca. 11% (Fig. 3d). The Al2O3/TiO2 ratio
stays rather constant in HM-DM basalts with time (ca.
Figure 3. Secular variation in Al2O3 in greenstone basalts (MgO 7
median ¼ 15e20). Median values of Al2O3/TiO2 in EM basalts range
from 13 to 19, with a significant decrease in the last 300 Myr that
reflects the corresponding increase in TiO2 at this time (Fig. S8aec;
Fig. 2c). Median values of this ratio in komatiites show considerable
variation ranging from a low value of ca. 11 in the early Archean to a
high value of ca. 20 in the late Archean and no secular trend is
apparent in the data.

3.2. Mantle magma generation temperature

The first results of mantle potential temperature (Tp) (the
temperature of the upper mantle extrapolated adiabatically to
Earth’s surface without melting) through time as calculated from
mafic and ultramafic igneous rocks were reported by Abbott et al.
(1994). More recent and better constrained estimates of Tp are
those of Herzberg et al. (2010) using a database of 3370 samples
from non-arc type greenstone basalts. The geochemical filters
applied by Herzberg et al. (2010) greatly reduced the number of
acceptable samples to 33. A comparison of our magma generation
temperatures (Tg) for these 33 samples with the Tp results of
Herzberg et al. (2010) is shown in Fig. S9. Despite differences in
e17 wt.%) and komatiites. Other information given in Fig. 1.



Figure 4. Secular variation in calculated mantle magma generation temperature (Tg) in
greenstone basalts (MgO 7e17 wt.%). Other information given in Fig. 1.
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the methods of calculating the primitive magma compositions
between the two studies, the calculated Tg values are similar to
the Tp values. It is important to point out that basalts from
depleted (DM) and enriched mantle (EM) are not distinguished in
Herzberg et al. (2010), and that 26 of the 33 samples come from
enriched mantle, and thus the data distribution should not be
considered as representative of the Tp of ambient mantle after
2.5 Ga.

Most Tp and Tg estimates calculated from basalts erupted at
modern ocean ridges (DM type basalts) fall within an approxi-
mately 100 �C window centered about a mean value near 1350 �C
(1340� Mid-Atlantic Ridge [MAR], 1360� East Pacific Rise [EPR])
(Herzberg et al., 2007; Herzberg and Asimow, 2008; Herzberg and
Gazel, 2009). Mantle Tg generally varies by�100 �C in a given ridge
segment, but this variation increases to 200e250 �C at sites where
mantle plumes have an influence (Dalton et al., 2014). Results
suggest that faster spreading ridges (EPR) have greater temperature
variability than slower spreading ridges (MAR). The fact that HM
basalts show a similar distribution of Tg to DM basalts with time,
suggests that water in arc sources does not, on average, affect the Tg
distribution with age and that decompression melting may be
important in mantle wedges as previously suggested by Lee et al.
(2009). Considering the range of Tg values in DM and HM basalts
(1 s of 60e100 �C) through time (Appendix 1), our results show a
decrease in the average or median Tg with time (Fig. 4a, b), probably
reflecting cooling of the mantle. This decrease begins between 2.5
and 2.0 Ga, and prior to 2.5 Ga DM and HM Tg values stay rather
constant around 1500 �C.

In terms of median values, young EM basalts yield an average
Tp and Tg about 150 �C higher than the ambient upper mantle
temperature as recorded by DM basalts (Komiya et al., 2004;
Putirka, 2005; Herzberg et al., 2007; Herzberg and Gazel, 2009),
whereas in the Archean the calculated Tg from DM and EM basalts
are indistinguishable (md ca. 1500 �C) (Fig. 4aec). Intra-site
variation in Tp and Tg at young EM plumes is usually the order
of 80e100 �C with some sites like Hawaii showing a range up to
300 �C or more (Galapagos 1500e1700 �C; Mauna Kea
1520e1600 �C) (Herzberg and Asimow, 2008; Herzberg and
Gazel, 2009). Ancient basalts from specific greenstones yield
similar intra-site variations (Appendix 1). Unlike the Tg values
calculated from HM and DM basalts, there is only small variation
in the average or median Tg of EM basalts with time
(median ¼ 1520 �C today, about 1480 �C in the Archean, and both
are identical within 1s). Thus EM Tg remains rather constant
around 1500 �C with time. This means that Tg of EM sources was
indistinguishable from ambient mantle (DM) before 2.5e2.0 Ga,
and during this time interval they began to diverge, which we
refer to as a “Great Thermal Divergence” in the mantle. This
divergence is apparent in the statistical evaluation given in Fig. 5,
where the slope and standard deviation are given for a linear fit
of the EM and DM data every 1 Myr for a moving 300 Myr
window. The EM line may start with a slightly inverse slope that
flattens with time. In any case the divergence in the two lines
after 2.5 Ga is statistically significant. Post-Archean DM and HM
Tg decrease by 0.059 � 0.008 and 0.044 � 0.005 �C/Myr,
respectively (1 s uncertainties) but EM Tg shows no significant
change after the Archean. To further evaluate the statistical dif-
ference in the two trends, we performed a 2-sample
Kolmorgorov-Smirnov test (Massey, 1951) on the calculated Tg
for DM vs EM (Fig. 6). Again we use a 300 Myr moving window
centered on the age indicated on the x axis. Tg data from the two
data sets with ages within the window for the two indicated
distributions are compared for statistical significance for being
drawn from distinct distributions. The highest confidence levels
for the two temperature distributions being different are in the
last 2000 Myr with the notable exception of the time window
1500e750 Ma, which corresponds to a low sample density.

Calculated depths of last basaltic magma equilibration show
median DM and HM of 1.4 GPa (ca. 35 km) and EM at 2 GPa (ca.
65 km) (Fig. 7). The most striking feature of these results is the
shallow depths of magma equilibration for all basalts and a similar



Figure 5. Tg versus age, showing moving mean (solid) and standard deviation (dashed) values calculated every 1 Myr within a moving 300 Myr window for DM and EM basalts. The
solid line shows the robust (L1 normminimizing) linear trend for each data set, with the corresponding slope and its standard deviation shown in each plot.
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observationwasmade by Lee et al. (2009). Only the EM basalts have
samples that scatter to depths up to 10 GPa (ca. 300 km). Also, there
is no evidence for secular change in depth with time. DM and HM
depths have median values today of about 1.1 GPa ranging to
1.7 GPa in the Archean and on average they are only about 30 km
shallower than EM sources. Post-Archean EM sources are slightly
deeper (median ¼ 2.1 GPa) than corresponding Archean sources
(median ¼ 1.7 GPa), and early Archean sources are even shallower
(median ¼ 1.3 GPa), but these differences are all essentially equal
within 1s of the median values.
4. Discussion

The most important observation of this paper is the recognition
for the first time of a Great Thermal Divergence in the mantle
beginning at the end of the Archean (Fig. 8). Tg data indicate that
ambient mantle is cooled from 2.5 Ga onwards, whereas EM and
KM are not significantly cooled. DM and HM both show an increase
inMg#with time, especially after 2 Ga (Fig. S2a, b; Table 1), which is
consistent with progressive depletion of ambient mantle with time.
However, not consistent with increasing depletion are increases in



Figure 6. Two-sample Kolmorgorov-Smirnov test (Massey, 1951) for DM vs EM basalt generation temperatures (Tg) with age using a 300 Myr moving window. Time periods for
which the test indicates that the two data sets arise from differing distributions (at the 95% confidence level) are indicated with test values of one, and periods that are not different
at this significance level are indicated with test values of zero. Time windows are advanced in steps of 1 Myr. The REJ percentage indicates the percentage of windows where the
windowed dates appear to come from different distributions (again at 95% confidence).
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Ti and Nawith time in DM, and these trends may reflect decreasing
degrees of melting. Ti is incompatible and Na is contained largely in
clinopyroxene, so both elements should be more enriched in the
melt at smaller degrees of melting.

If EM basalts come dominantly frommantle plumes today, what
is the history of plumes as we go back in time? If as Korenaga
(2008) suggested, the core heat flux was lower prior to 2.5 Ga,
plume activity may have been less vigorous than afterwards.
However, two lines of evidence suggest that pre-2.5 Ga EM basalts
did not come fromplume sources: (1) prior to this time, EM and DM
basalts have similar compositions and calculated Tgs, which makes
a buoyancy force for rising mantle plumes less obvious, and (2)
there are compositional differences between pre- and post-2.5-Ga
EM basalts (Figs. 1e4). There are three compositional differences
between pre- and post-2.5-Ga EM basalts: TiO2 and possibly Mg#

are higher and SiO2 is lower in post-2.5-Ga EM (Fig. 2c; Figs. S2 and
S7; Table 1). The higher SiO2 in Archean EM may reflect a greater
contribution of clinopyroxene to the melts. The increase in TiO2 in
EM basalts in the last 2.5 Gyr (especially in the last 500 Myr)
supports a TiO2-rich mantle source. Could it be that recycling of
oceanic crust in the last 2.5 Gyr into the EM source regions of
mantle plumes selectively introduced TiO2 into these sources?
Supporting this possibility is a parallel enrichment in Nb in post-
2.5-Ga EM basalts (Fig. S10). Both Ti and Nb in oceanic crust are
preferentially recycled into the mantle at subduction zones. An
Figure 7. Calculated mantle magma generation temperature (Tg) versus depth of last
magma equilibration. DM-HM, EM, depleted-hydrated, enriched mantle. GPa,
gigapascal.
increase in Ti (and Nb, not shown) in post-2.5-Ga komatiites also
may be explained by deep crustal recycling (Fig. 2d; Appendix 1).
The bottom line is that prior to 2.5 Ga, EM sources were not the
same as those afterwards. This may also account for an ongoing
difficulty in distinguishing DM and EM basalts in the Archean based
on geological and incompatible trace element characteristics
(Condie, 1994, 2003, 2015).

The Al2O3/TiO2 ratio is commonly used to classify komatiites
since it is sensitive to garnet in the residue, which records the depth
of magma equilibration prior to eruption (Arndt et al., 2008). Our
results show no consistent trend in this ratio with time (Fig. S8d).
Unlike Robin-Popieul et al. (2012), we see no evidence for a drop in
proportion of Al-depleted komatiites through time and thus no
progressive decrease in the depth of komatiite generationwith time.
In fact, the proportion of Al-depleted types is actually higher in
2.2e1.9 Ga komatiites than it is in those >2.5 Ga (Fig. S8d; Table 2).
The anomalously low Al2O3 and Al2O3/TiO2 in early Archean (3.5 Ga)
komatiites (and in EM basalts) chiefly reflects data from the Bar-
berton greenstone in South Africa (Robin-Popieul et al., 2012). These
low values may result from majorite garnet fractionation, reflecting
greater depths of the beginning of melting. Al-undepleted komati-
ites dominate in both the Archean and post-Archean (60e70%;
Table 2). Our results suggest that young komatiites (<300 Ma) are
almost exclusively undepleted and enriched types, reflecting shal-
lower depths of melting than for komatiites �1.9 Ga. The CaO/Al2O3
ratio has also been used to monitor the depth of komatiite genera-
tion with time (Herzberg, 1995). We see no evidence for a gradual
decrease in the CaO/Al2O3 ratio in komatiites with time; there is a
suggestion, however, of a drop in this ratio from the early to the late
Figure 8. Summary showing the “Great Thermal Divergence” between depleted (DM)
and enriched (EM) mantle beginning at 2.5e2.0 Ga. KM (komatiite) Tg from Herzberg
et al. (2007) and Herzberg and Asimow (2008).



Table 1
Summary of geochemical, Tg and depth changes for 3.8 Gyr.

Decrease Increase No change

Komatiites Mg, Mg#, Fe/Ti,
Ca/Al

Ti, Al,
Ca, Na

GPa, Fe, Si, K,
Al/Ti, Mn

EM basalts Fe/Ti, Si Ti, Mg# Fe, Al, Ca, Tg, K, Mg,
GPa, Mn, Na, Al/Ti

DM and HM basalts Tg, Fe, Mn, Fe/Ti Mg#, Na, Ti Si, Mg, K, Al, Ca,
GPa, Al/Ti

Table 2
Distribution of komatiite types with age (Al-depleted Al2O3/TiO2 <13; Al-
undepleted 13e25; Al-enriched >25).

Archean % Post-Archean %

Al-depleted 222 22 52 31
Al-undepleted 693 68 97 58
Al-enriched 108 10 19 11
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Archean (Appendix 1). Almost all komatiites of all ages fall in the
low-TiO2 field on the TiO2eMgO graph of Parman and Gove (2005)
(Fig. S11) indicating they come from depleted mantle sources. On
the SiO2eMgO graph (Parman and Gove, 2005) (Fig. S12), most
komatiites of all ages fall in the anhydrous melting field (88%) sug-
gesting that water did not play a role in their production. The
remaining 12% of the samples that fall in the hydrous melting field
aremostly Archean in age. The near absences of high SiO2 komatiites
as well as the oxidation state of Fe in komatiites also support a dry
rather than wet mantle source (Berry et al., 2008; Lee et al., 2009).

The drop in MgO between the early and late Archean may or
may not be real since most of the 3500 Ma samples come from only
one site: the Barberton greenstone in South Africa (Fig. 1d). If this
source is anomalously enriched in MgO, it may not be typical of
Archean komatiite sources. In any case, our results do not support a
sudden large drop in MgO at the end of the Archean in komatiite
sources (mean, median or maximum values) as suggested by
studies with fewer samples (Condie and O’Neill, 2010; Campbell
and Griffiths, 2014). Thus, there is no motivation for complex
models to explain a sudden drop in komatiite source temperatures.
If real, the overall decrease in MgO during the Archean probably
reflects a decrease in degree of melting in response to cooling of the
mantle. The increases in Ti, Al, Ca and Na and decrease in Mg# in
komatiites at the end of the Archean (Table 1) may reflect a falling
degree of melting with increasing amounts of garnet and clino-
pyroxene contributing to the melts. Prior to 2.5 Ga, high degrees of
melting removed these minerals from the source. A similar
conclusion was reached by Gibson (2002). Recycling of oceanic
crust into the deep mantle after the Archean may also have
contributed to enrichment of Ti, Al, Ca and Na in komatiite sources,
as suggested above for post-Archean EM sources. Although previ-
ous studies have argued for recycling into the deep mantle by
3.8e3.5 Ga based on isotopic evidence (Turner et al., 2014; Blichert-
Toft et al., 2015), such early recycling appears not to have affected
major elements in derivative basalts.

Our results clearly show a Great Thermal Divergence in the
history of the mantle. Before 2.5 Ga, thermal regimes in ambient
mantle (DM, HM) and enriched mantle (EM) are indistinguishable
in terms of thermal characteristics, whereas after this time ambient
mantle progressively decreases in Tg, probably due to mantle
cooling (Fig. 8). It is important to emphasize here that tracking
these types of mantle into the ArcheaneHadean does not neces-
sarily equate with tracking plate tectonics into these times, because
these types of mantle also could exist in a planetary stagnant lid
regime (Condie, 2015). The increase in Mg# and decrease in Fe and
Mn in DM and HM basalts after 2.5 Ga reflects some combination of
growing depletion and cooling of ambient mantle with time.
Complicating this interpretation, however, is the fact that fractional
crystallization also affects theMg#. Secular increases in Ti and Na in
DM and HM basalts may be related to a smaller degree of melting
with time. Different depths of melt segregation may also affect the
EM basalts, many of which have come through continental
lithosphere, at least those younger than 2.5 Ga. These trends are
also consistent with high rates of extraction of continental crust
between 3 and 2 Ga as reflected by Hf model ages (Dhuime et al.,
2012) and on 40Ar model ages (Pujol et al., 2013). The fact that Al
and Ca do not track mantle depletion may be due to their being
hosted by residual garnet in the source.

Why was cooling of ambient mantle delayed until after the
Archean? Two factors may have contributed to this delay: (1)
radiogenic heat sources were more important in the Archean and
Hadean, and (2) cooling was enhanced by the onset and propa-
gation of plate tectonics with descending slabs increasing the
mantle cooling rate (Condie et al., 2015). Plate tectonics may have
begun episodically around 3 Ga, as geochemical and geological
observations and geodynamic modeling suggest (Moyen and van
Hunen, 2012), followed by widespread propagation between 2.5
and 2.0 Ga (O’Neill et al., 2007; Condie and O’Neill, 2010). A
dramatic increase in abundance of basalts showing DM and EM
chemical characteristics and a corresponding decrease in those
showing primitive mantle characteristics after 2.5 Ga supports
such a model (Condie, 2015). Before 2.5 Ga, DM and EM basalts
may have been derived from an undifferentiated or well-mixed
mantle sources similar in composition to calculated primitive
mantle. After this time EM basalts appear to have come from EM
type plumes, which could now propagate upwards to the base of
the lithosphere due to cooling ambient mantle and the corre-
sponding increase in thermal contrast necessary for them to rise
(Fig. 8). Before 2.5 Ga, and only DM type (high-temperature)
mantle plumes, which gave rise to komatiites and associated
basalts, made it to the base of the lithosphere. After 2.5 Ga, the
DM type plume source was rarely active in producing plumes that
made it to the base of the lithosphere.

5. Conclusions

Greenstone basalts can be used to estimate mantle magma
generation temperatures through time and thus to track the ther-
mal history of the mantle. Based on modern mantle compositional
and thermal domains, four types of mantle can be traced into the
Archean: depleted (DM), hydrated (HM), enriched (EM) andmantle
from which komatiites are derived (KM). Prior to 2.5 Ga, DM, HM
and EM have indistinguishable thermal histories, whereas begin-
ning at 2.5e2.0 Ga a Great Divergence occurs in mantle magma
generation temperatures between DM-HM and the EM mantle
types. DM and HM mantle fall in Tg, whereas EM maintains high
values after this time. The indistinguishable thermal regimes, yet
different compositional characteristics of DM-HM and EM basalts
before 2.5e2.0 Ga require different mantle sources for EM basalts
before and after this time. Before 2.5 Ga, DM and EM basalts may
have been derived from an undifferentiated or well-mixed mantle
source similar in composition to calculated primitive mantle. After
2.5 Ga, EM basalts were probably produced dominantly in mantle
plumes that were sourced in enrichedmantle. The dramatic change
in mantle thermal regimes beginning after the Archean, reflected
by temporal trends in mantle magma generation temperature,
corresponds to a possible transition in Earth’s tectonic regime from
stagnant lid to plate tectonics. If so, this “Great Thermal Diver-
gence” between depleted and enriched mantle beginning at this
time may reflect enhanced cooling of the mantle by subduction.
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Only after 2.5 Ga was the thermal contrast between EM type
plumes and ambient mantle sufficient for these plumes to survive
to the base of the lithosphere where partial melting gave rise to EM
basalts. In contrast, KM type plumes with high temperatures that
give rise to komatiites and associated basalts, dominated in the
Archean and were produced only infrequently after this time.
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