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PLANETARY SCIENCE

Deep mantle origin of large igneous provinces

and komatiites

Rémy Pierru'*, Denis Andrault', Geeth Manthilake', Julien Monteux', Jean Luc Devidal’,

Nicolas Guignot?, Andrew King?, Laura Henry2

Large igneous provinces (LIPs) resulted from intraplate magmatic events mobilizing volumes of magma up to
several million cubic kilometers. LIPs and lavas with deep mantle sources have compositions ranging from komatiites
found in Archean greenstone belts to basalts and picrites in Phanerozoic flood basalt and recent oceanic islands.
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In this study, we identify the mantle conditions appropriate to each type of lava based on an experimental study
of the melting of pyrolite. The depth of the mantle source decreases from 600 to 700 km for the oldest komatiites
to 100 to 300 km for picrites and basalts, and the extent of mantle melting ranges from 10 to 50%. We develop a
geodynamical model that explains the origin of the hot mantle plumes capable of generating these melting P-T
conditions. Within a superadiabatic temperature gradient persisting in the deep mantle, the ascent of hot mantle
plumes creates excess temperatures up to 250 to 300 K by adiabatic decompression.

INTRODUCTION

The mantle potential temperature

The mantle temperature (T) is generally defined by the potential
surface temperature (T},), which corresponds to the extrapolation to
the surface of the adiabatic T gradient. The mantle T}, can be refined
from the analysis of primary magmas formed along accretionary
ridges (1) and is calculated after a calibration of, e.g., the melt MgO
content against several parameters including T and pressure (P) (2, 3).
Currently, T, of 1350° + 50°C is suggested by primary basalts with
MgO and FeO contents at 10 to 13 weight % (wt%) and 6.5 to 8.0 wt%,
respectively (4). Still, there are “hot” primary magmas (basaltic-
picritic) requiring T, as high as ~1600°C (5). These are “hot spots,”
such as Hawaii, and they could be related to instabilities in the ther-
mal boundary layer in the lowermost mantle (6).

The Archean mantle T}, has important implications for under-
standing the geodynamics of the early Earth and the onset of plate
tectonics. Recent geodynamic models have recognized the impor-
tance of the reevaluation of Archean mantle T}, for crustal formation
mechanisms in stagnant lava environments (7). Average T}, esti-
mates for large igneous provinces (LIPs) and Hawaii is AT = +200 K
or higher than the average mantle T},. In Tortugal, where komatiites
occur, AT can exceed +300 K (8).

Regarding the accuracy of the T}, determination, note that the
agreement between the compositions of experimental melts and pri-
mary magmas on the field are in very good agreement only if the
source is not very deep (P lower than 6 to 7 GPa). At higher P, the
accuracy of Tj, is more questionable, especially for Archean sources
of ultramafic rocks. This is, in part, because experimental conditions
are less well controlled at high P and the composition of the melt
at equilibrium is also more difficult to measure. For example, esti-
mates of the T}, required to produce a primary magma with MgO
>20 wt% diverge by ~100 K with the PRIMELT calculation (3). In a
more general manner, any uncertainty on the melting diagram is
directly transferred into uncertainties on the knowledge of the
melting condition in the mantle.
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In addition to this, anomalously high water contents in the man-
tle could produce comparable effects as high T, as water lowers the
solidus. Where T, estimates from dry material show rather consist-
ent results, melts produced from a wet mantle do not seem to pro-
vide usable computational solutions (9). More generally, the likely
presence of chemical heterogeneities increases the uncertainty on
the T}, determination locally (10).

A broad range of primitive lavas

Mafic-ultramafic tholeiitic lavas such as basalts, picrites, and komati-
ites (11) represent the deepest and hottest magmas that erupted on
Earth. Three main families of komatiites are distinguished depend-
ing on their chemical composition; nicknames have been given to
them according to locality of the main outcrops (12): Al-depleted
komatiites (ADK; Barberton type), Al-undepleted komatiites (AUK;
Munro type), and Al-enriched komatiites/picrites (AEK; Gorgona
type). These rocks show a large diversity of chemical composition
resulting from different geological contexts including (i) mantle
source, composition, depth, extent of melting (®), and possible pres-
ence of fluids and (ii) fractional crystallization, contamination, or
assimilation possibly occurring during the ascent of melts to the
lithosphere (13). There is a clear evolution of the composition of
LIPs and komatiites through time over the past ~4 billion years
(Ga; Fig. 1 and fig. S1). Unlike basalts and picrites that can be
found at all ages, ADK seems to be only formed during the Archean
from -4 to —2.8 Ga, while AUK erupted until about —1.9 Ga
in Paleo-Proterozoic. Association of basalts and picrites with komati-
ites can be found, for example, in the form of dykes into Archean
greenstone belts (14). Last, AEK formed from the Archean to
the Phanerozoic. The most recent komatiites have been dated at
~90 Ma (15).

Picrites are rare intrusive igneous lavas enriched in magnesium
(>12% MgO) (16) compared to the basalts erupting today on Earth.
These lavas seem to be products of mantle melting at P above
~3 GPa and extent of melting (®) close to 20 to 30% (17). However,
several other possible origins were proposed such as high rate of
melting of lherzolitic mantle, partial melting of mantle with high
Mg content, or olivine enrichment through processes of magmatic
differentiation.

10f13

2202 ‘20 JequenoN uo B10°80us 105 MMM//:SANY WoJ) papeojumod


mailto:r.pierru30@gmail.com﻿

SCIENCE ADVANCES | RESEARCH ARTICLE

Great oxygenation event Moon forming impact

Komatiites ADK «Barberton» |

Komatiites ADK/AUK» «Munro»

? ?

Komatiites AEK «GOrgonay | e el e e e e e o (R
?

Modern OIB and ancient basalts/picrites (EM)® —— | ——

?
Modern MORB and ancient basalts (DM) @ -
Phanerozoic Proterozoic Archean Hadean

0 1 2 3 4 45
Age (Ga)

Fig. 1. Age of the different lavas found in LIPs: References are the same as those used for fig. S1.

Komatiites contain up to 34 wt% MgO, present very high liqui-
dus T at atmospheric P (18) and have a close chemical relationship
with mantle peridotites. For these reasons, komatiites must have formed
at relatively high extents of melting in a mantle warmer than today
(+200 to 300 K) (I). Alternatively, komatiites could be hydrated
magmas formed at T not much higher than the surrounding mantle
(5); the source of volatiles would be non-degassed primordial man-
tle or subducted oceanic crust.

1) ADKs present the very high MgO contents (=30 wt%) and
CaO/Al,O; ratios (>~1.5), low A1,03/TiO, ratios (<10 to 15), and
high Gd/Yb ratios, compared to chondrites. They are also enriched
in trace elements and light rare earth elements (REEs) but depleted
in heavy REE (HREE). However, their composition could not be
reproduced experimentally from melting of typical mantle materials.
Still, we note that CaO/Al,O3 ratios greater than 1.5 in melts were
successfully reproduced by melting either KLB-1 peridotite at ex-
tent lower than 1% (19), peridotite with addition of up to 10% water
(20), or ad hoc dry or hydrated CaO-MgO-Al,03-5i0, (CMAS)
compositions (21). The composition of ADK suggests melting with
aresidual Al-bearing phase (majoritic garnet and bridgmanite), which
requires P over 15 to 17 GPa (22-25). Zirconium and hafnium, which
are high in ADK, act as incompatible elements for melting process-
es at moderate @ only (26), suggesting ADK magmas produced at
lower @ (~30%) than the other Archean komatiites.

2) AUKs present low CaO/A1,05 ratios (~1 or less), high Al,05/
TiO; ratios (~15 to 20), low MgO content (<30 wt%) compared to
ADK, and an REE pattern close to chondrites. A robust characteristic
is moderate to strong depletion of HREE and other immobile in-
compatible trace elements. The degree of depletion approaches,
but rarely meets or exceeds, that of modern mid-ocean ridge N-type
basalts (MORB). AUKSs are less rich in zirconium than ADKs (12).
According to batch melting models based on the available partition
coefficients [e.g., (18)], AUK could result from high extent of melting
(~50%). The composition of AUKs from the late Archean are diffi-
cult to explain by a single melting event, as they present conflict-
ing nonchondritic AL,O3/TiO; and CaO/Al,O; ratios implying the
presence of residual garnet and quasi-chondritic Gd/YDb ratio im-
plying no residual garnet (23). Alternatively, a deep mantle source
undergoing high extent of melting could produce a melt with high
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MgO content, however depleted in Al,O3, before the slow uplift of
such melt would induce progressive enrichment in Al;03 and de-
pletion in MgO [e.g., (2, 12)]. All arguments suggest AUK mantle
sources considerably shallower than for ADKs. This difference, to-
gether with a lower MgO content (<30 wt%), indicates lower forma-
tion T for AUKSs than ADKs.

3) AEKSs have similar CaO/A1,0; ratios and REE patterns to AUKs
(12). However, they present high Al,05/TiO, ratios ranging from the
chondritic value of ~20 to as high as 50. AEKs are richer in AL,O;
than other komatiites and contain less MgO (>20 wt%). Accordingly,
they formed by mantle melting at relatively low P (3 to 4 GPa), un-
der conditions where garnet is absent from the residue. If the source
were to be a mantle fertile peridotite, then the average @ should be
30 to 40% (26). In terms of chemistry, AEK makes a transition from
komatiites to picrites, as both compositions are similar.

Possible origin of the primitive lavas

The correlation between komatiite compositions, timing of the erup-
tions, and the depth of the primary sources indicates that over time,
there is less magma originating from the deeper mantle regions
(19, 23, 27). This evolution could be explained by the secular mantle
cooling; however, this hypothesis remains partially speculative. The
debate is still vivid about the magmatic processes capable of gener-
ating LIPs with large volume of mafic to ultramafic magmas in short
pulses (typically less than a million years). In addition, komatiitic
ultramafic lavas require large extent of melting at high T (28, 29).
The greenstone belts, for example, may represent a small fragment
only of a much larger LIP (11). LIPs and komatiites could be associ-
ated with the rise of hot mantle plumes from the deep mantle (30),
potentially induced by the formation of a subducted-slab graveyard
(31). This plume could generate a positive anomaly in T and/or
volatile element (H,O, CO;) concentration and favor major mantle
melting. Other models propose shallower mechanisms such as mantle
warming beneath supercontinents (32), plate-related processes (29),
or lithospheric delamination (33).

The isotopic signature of LIPs and komatiites inform on the na-
ture of their source. Similar to modern hotspots [e.g., Galapagos,
Iceland, Hawaii, and Samoa (34)], the LIP signature overlaps with
many mantle components such as depleted MORB mantle (DMM),
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ocean island basalts (OIB), Focal zone (Fozo), etc. (35). FOZQ is inter-
?reted as being located in the lower mantle (36). Together with high

He/*He anomalies measured in some LIPs, it provides evidence for a
source originating from deep mantle regions containing primordial
*He (28). In contrast, the DMM component represents the upper
mantle depleted by ~3 Ga of MORB extraction. In addition, reser-
voirs enriched mantle 1 (EM1), enriched mantle 2 (EM2), and hight-pt
(HIMU) are likely located in the sublithospheric mantle. The over-
laps found in LIPs suggest the involvement of deep sublithospheric
or asthenospheric mantle components, as well as crustal or lithospheric
contamination. Concerning komatiites, isotopic studies of Hf, Sr, and
Nd show the overlap with the OIB component [e.g., (37)]. Together
with high levels of He isotopes (38), it indicates the presence in the
komatiite source of material from the deep mantle. With the high T
required to form komatiitic magmas, this information strongly sup-
ports that komatiites formed by melting of mantle plumes coming
from the very deep mantle.

Up to now, the variation of magma chemistry with P, T, and @ is only
well constrained experimentally for the first 100- to 200-km mantle depths
(23, 39-44). Higher P have also been investigated, however, for com-
positions different from those expected for the sources of LIPs and
komatiites [e.g., CaO-MgO-ALO3-Si0; system (21)] and limited ranges
of @ [e.g., around 1% (19)]. Previous experiments proposed global ten-
dencies for the change of melt composition with P and T; however, the

~4-5 GPa

=15-17 GPa

ranges of P-T-® covered by experimental studies remain insufficient
to accurately model mantle melting at depths greater than 200 km.

RESULTS

Melting diagram of pyrolite

Solidus temperatures

To bring new constraints on the origin of LIPs and komatiites, we
undertook an experimental determination of the melting diagram and
of the melt composition for the first 700-km depth (i.e., ~26 GPa)
for a pyrolitic mantle composition (table S1). Our experimental strat-
egy was to synthesize samples at controlled ® values using in situ
techniques: electrical conductivity and x-ray diffraction (figs. S2 to
S5 and table S2). Pyrolite solidus is found similar, within ~100 K,
to the chondritic-type mantle measured with similar methods (45).
This is substantially lower than previous reports on peridotite soli-
dus (fig. S6) (19, 23, 27, 42, 46). As developed in (45), reasons for
this discrepancy with previous works cannot be a difference in com-
position alone. It could result from several factors: (i) Use of simplified
sample compositions, for example, CMAS (21). It is well accepted
that additional elements induce lower solidus T for a typical mantle
mineralogy. (ii) Use of coarse grain powders, instead of a glass sam-
ple in our study. Slow atomic diffusion may impede the formation
of a solidus melt composition at grain interfaces. (iii) Lack of in situ

~22-25 GPa

Fig. 2. Progressive increase of the extent of melting associated with disappearance of residual minerals. Left frames show experiments realised at 4 to 5 GPa, central
frames 15 to 17 GPa, and right frames 22 to 25 GPa. (A and B) MA105, (C) 72, (D) MA119, (E and F) MA116, (G) MA149, (H) MA143, and (I) MA144. At P around 4 to 5 GPa, several
mineral phases [clinopyroxene (Cpx) and garnet (Gt)] disappear at small extent of melting. With increasing T, orthopyroxene (Opx) is enriched in compatible elements (i.e, MgO) and
presents grain size exceeding that of olivine. At higher T, melting of Opx is associated with a major growth of olivine grain, which is the liquidus phase. At Paround 15 to 17 GPa,
wadsleyite (Wad) and garnet continue to coexist up to very high melting extent. Garnet appears to be the liquidus phase of pyrolite at P> 15 GPa. For P> 22 GPa, ringwoodite
(Rw) and garnet disappear at a relatively low concentration (<25%). After that, bridgmanite (Bg) starts to melt and ferropericlase (Mw) becomes the liquidus phase.

Pierru et al., Sci. Adv. 8, eabo1036 (2022) 2 November 2022
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melting criterion and characterization method insufficiently sensi-
tive to detect thin melt films in the recovered samples. Small pock-
ets of melt can be destroyed during the polishing steps. In addition,
melt films can be difficult to identify using the scanning electron
microscope (SEM) (47). (iv) Last, important thermal gradient with-
in the sample charge can lead to T and ® errors.

Apart from (45) that is in good agreement with our melting curves,
none of the studies cited above used in situ techniques to detect the
onset of melting (such as electrical conductivity and x-rays), and
none probes the evolution of @ at higher T (such as a falling sphere).
In previous works, melting was generally detected on the basis of
“trials and errors” and the solidus and liquidus T were sometimes
identified using the T gradient in a single sample. However, major
thermal gradients induce melt migration; the presence of chemical
gradients within the capsule disables the determination of the melt-
ing behavior of the starting material. For example, a solid residue
identified in an unmelted zone of the sample can result from the com-
paction of refractory minerals, which melting T can be far above the
solidus and liquidus of the bulk composition.

Extent of melting

To probe the melting properties at higher @, we developed an orig-
inal falling sphere technique to detect in situ the occurrence of the
rheological transition upon heating (fig. S5). When ® becomes
30 to 40%, a Re sphere falls at an irregular speed in the melt located
between the solid grains. It indicates the change of rheological be-
havior from solid type to liquid type (48). The samples were quenched
at the rheological transition or at a slightly higher T on the basis of
thermocouple reading. The extent of melting was determined for
each sample by numerical analyses (Fig. 2 and fig. S7). To achieve a
maximum precision, we correlated backscattering electron images
and chemical maps obtained by SEM; melt regions present a maxi-
mum concentration of incompatible elements. A rapid increase of
@ up to 30 to 40% melt within the first 100 K above the solidus was
observed (Figs. 3 and 4). Then, @ increases less steeply at higher T. At
high extent of melting, the grain size of the residual solid phases becomes

2500
25
2400 | 3%
w C
S8
2300 |
—
X
=
© 2200}
=
2
© 2100
2
£ 2000
)
i3
= 1900
1800 |
1700 : : : . : : : : :
0 10 20 30 40 50 60 70 80 90 100

Extent of melting (%)

Fig. 3. Temperature dependence of extent of melting. The volumetric extent of
melting (®) is determined at various P and T on the basis of the joint analyses of
electron microphotographs and chemical maps of the recovered samples. High
melting extents are also constrained from mass balance calculations. Extrapola-
tion to @ =100% of the quasi-linear relation found at high ® yields a good esti-
mate of the liquidus T as a function of P (distinguished by colors).
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10 to 30 um or more, with well-developed polygonal textures, espe-
cially for olivine, orthopyroxene, and bridgmanite.

Liquidus temperatures

Liquidus T can primarily be constrained on the basis of the extrap-
olation to 100% of the relationship between ® and T (Fig. 3). Addi-
tional constraints come from T measured for (i) very fast and linear
trajectory of the falling sphere indicating the absence of solid grains
[such as in (49)] and (ii) complete disappearance of x-ray diffraction
peaks from the sample. (iii) We also monitored the reappearance of
crystallites upon cooling and (iv) microstructure of a number of “trial
and error” syntheses at variable T, indicating whether the sample has
been fully molten or not. All evidences converge on a pyrolitic-mantle
liquidus 275 + 50 K higher than the solidus at all upper mantle
depths. Our experiments are compatible with previous works show-
ing that for the pyrolitic/peridotitic composition, majorite replaces
olivine at the liquidus between 13 and 16 GPa, and ferropericlase
replaces majorite at ~22 GPa (table S3) (19, 23, 46).

Comparison between experimental melts and natural lavas
Chemical compositions of the melts were determined using the
electron microprobe (Supplementary Materials, Figs. 5 and 6, fig.
S8, and table S4). From the correlation between Al,O; content and
CaO/AlOj; ratio in experimental melts (19, 23), three major trends
arise: (i) High extent of melting yields low CaO/Al,O3 ratio and
low Al,O5 content. The pyrolitic melt (i.e., ® =100%) presents CaO/
ALO3 ~ 0.45 and AL,O; ~ 4.5 wt%. (ii) Low P favors high Al,O;
content and (iii) high P favors high CaO/Al,Oj ratio. In this figure,
we superimpose a compilation of the composition of numerous
basalts, picrites, and komatiites of different ages and locations. The
domains where the different LIPs and komatiites overlap with ex-
perimental melts provide strong constraints on their mantle origin
(see the Supplementary Information for a discussion of the role of
alteration on the CaO/Al,Oj; ratio in LIPs and komatiites).

The comparison suggests a minimum depth of 550 to 600 km
(20 to 23 GPa) to produce the old ADK (Fig. 6). Their compositions

Depth (km)
0 100 200 300 400 500 600 700 800
2500 T T T . : . o
e
2400 / o
i
o
2300 /
2 ()
3 2200 . , 267"
5 &
£ 2100 & P
S
@
2 2000 o -
5 e -
2 1900 ” S ’.* 4 +
+ -
SOLEIL X Liquidus
1800 / + 1 v oxporiment @ Liquidus (x-rays)
’ ) Solidus (x-rays)
1700 Thermal gradient @ Solidus EC
/ + + - LMV synthesis ® Rheological transition
1600

0 5 10 15 20 25 30
Pressure (GPa)

Fig. 4. Melting diagram of the pyrolitic mantle. The solidus is determined up to
25 GPa using in situ electrical conductivity (red circles) and x-ray diffraction (pink
circle). The rheological transition at 30 to 40% of melt (gray dashed line) and the
liquidus are determined using various methods, including a new falling sphere
technique (Supplementary Materials). Both solidus and liquidus present a change
of slope at ~15 GPa, when the high-P polymorphs of olivine become stable.

40f13

2202 ‘20 JequenoN uo B10°80us 105 MMM//:SANY WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

30
A 45GPa @ Literature e (19) 5-10-14 GPa (40) 1 GPa
% 6-7GPa  LVLmelts (e-1%H0): (20) 6 GPa o (41)=2GPa
25 & 9-11GPa 0 (73) o (21)10t0 20 GPa o (42) 110 6 GPa
+ 12-13GPa O(74) ® (23)3to7 GPa ® (43)1to 3GPa
3 2 14-17 GPa
gi ® 23-25GPa o e .
. L]
= S . ° .
o o et 02
- . .
.
< o * . .
N : . v *
% e % % o oo
DR o e LI
oo . 3
Se *e o « *°
MO

CaO (wt%)

< .
% s
= we * ‘.O. .‘? -® .
o . 0 Y TS
[ PR . L] .
(' - L]
.
. ..0.... MR LR K
—_ L : . . . .
° . .
&~ .
< ¢ e ©’e
E . e %o ®
e P ® e
Q & o o
-
ECD «® . ., 3
20T ey . .
* - . . LR )
10 ‘e e
0
60
* L]
Tm— L] .
o SNCRY . .
= Pey R T I S
Py -8 -
< + P e TS —t %, avade o 0p, w0 300 T .
= = = d e .y . .
o“ .0
— L]
» 4
T -
30
0 20 40 60 80 1000 20 40 60 80

Extent of melting (%)

Extent of melting (%)

100

Fig. 5. Variation diagrams showing oxide abundances of melt versus extent of melting (wt%). (Left) Chemistry of our melts at various pressures and degrees of
mantle melting. Averages of several electron microprobe analyses in the melt regions of our samples are plotted as colored symbols, for P between 4 and 25 GPa. One SD
is <5% for each melt composition. (Right) Chemistry of melt’s literature at various pressures and degrees of mantle melting. Each color represents a different study for the

pyrolitic/peridotitic upper mantle: (19,21, 23,39-44).

overlap with melts at ® values ranging between 10 and 25% and 20
and 50% for highest and lowest P (thus with decreasing CaO/Al,O;
ratio), respectively. The presence of residual Al-bearing garnet at mod-
erate P can induce low Al content in the melt. However, the CaO/

Pierru et al., Sci. Adv. 8, eabo1036 (2022) 2 November 2022

Al,Oj ratio cannot be very high in this case because garnet also in-
corporates CaO easily. At lower mantle pressures, bridgmanite and
davemaoite (Dvm; CaSiO;-perovskite) are rich in Al and Ca, respec-
tively. Melting of Dvm above solidus yields primary melts enriched
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Fig. 6. Correlation between Al,0; contents and CaO/Al,0; ratio of experimen-
tal melts and natural lavas. Melt compositions are regrouped by experimental
P ranges (colored symbols). We also report melt composition from previous
experimental reports: Light or dark gray circles indicate studies reproducing
the CaO/Al,03 ratio from melting of peridotite/pyrolite under mantle relevant
(23,27,39-43, 46, 79) or more specific (19-21) experimental conditions, respective-
ly. Colored areas correspond to natural lavas of Barberton-type (ADK, light green),
Munro-type (AUK, dark green), Gorgona-type (AEK), and ancient (blue) and recent
(red) picrites and basalts [see (54)]. On the basis of the degree of partial melting (®)
measured in our samples (Fig. 3), we draw contour lines corresponding to @ ~ 20,
40, and 60% (dashed gray lines). Comparing the composition of LIPs/komatiites
of different ages (fig. S1) and experimental melts at varying P and @ indicates the
mantle source for each type of lava.

in CaO and poor in AL, O;. In these mantle conditions, melts with
high MgO and SiO; contents and high CaO/Al,Oj ratios can be pro-
duced at relatively low extent of melting. These results are in rela-
tively good agreement with previous works (22-25), including (50)
that suggests that komatiite genesis involves a high extent of melt-
ing (>30%) at low P < 5 to 6 GPa, after adiabatic decompression of
mantle diapirs that begin to melt in the transition zone (P > 15 GPa)
or at even higher depth (P > 20 GPa). In all cases, T}, at the time of
ADK formation should be appreciably higher than that prevailing
today (1).

The intermediate position of AUK suggests mantle sources of
300- to 550-km depth (i.e., 10 to 20 GPa), as proposed previously
[e.g., (19,23, 27)]. To produce Al-undepleted melts, the presence
of a residual garnet is not mandatory. There is a smooth transition
between the ADK and AUK between 20 and 25 GPa, which explains
the coexistence of AUK and ADK in some Munro-type outcrops.
Because of similar sources, the two melts present similar major element
contents, but the P difference can still induce substantial differences
in minor and trace elements. Formation of the AUK occurred pri-
marily during the Late Archean and could therefore correspond to
lower T than the Barberton komatiites (11, 12). On the basis of our
experiments at AUK, lavas are compatible with @ from 15% to more
than 60%, which makes AUK compositions quite close to bulk py-
rolite. AUK can be produced in a wide range of P from ~5 to 10 GPa
to ~25 to 30 GPa, when @ is very high (>50%).

AEK, picrites, and basalts align along near-vertical trends at
CaO/AlL O3 ratio between 0.5 and 1 and with Al,O; contents vary-
ing from ~8 to ~17 wt%. AEK can be produced by melting at 200- to
400-km depth [i.e., 7 to 13 GPa, in agreement with (2, 19, 23)] and
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picrites and basalts at 100 to 200 km (i.e., 4 to 5 GPa). Our results
suggest moderate extent of melting (® < 50%) for recent Gorgona-
type komatiites and picrites; melts enriched in Al,O3 suggest mantle
melting without garnet in the solid residue. Last, picritic and basaltic
lavas, which represent LIPS and recent hotspots such as Hawaii or
Reunion Island, correspond to melting extents lower than 30% (2, 17).

The melt contents in other major elements confirm the trends
presented above. We draw correlation diagrams between them, which
show the effect of P on the melt composition (Fig. 5). The bulk sample
composition, pyrolite, is a singular point in these diagrams because
the melt composition evolves toward it with increasing ®, irrespec-
tive of the experimental P. On these diagrams, we superimpose the
compositions previously reported for basalts, picrites, and komatiites
(fig. S8): (i) CaO versus SiO; diagram. The high SiO, content ob-
tained at the highest experimental P and moderate ® explains well
the composition of ADKs. (ii) Al,O3 versus CaO and Al,O3 versus
MgO diagrams. At relatively low @ (i.e., at high CaO or low MgO
content), the sequence of natural lavas (ADK, AUK, AEK, and
picrites/basalts) is well compatible with the P-induced decrease of
AlL,O3 content in melts (Fig. 5). (iii) CaO versus FeO diagram. The
increasing FeO content with increasing P at relatively low @ is also
well compatible with the sequence of natural lavas.

DISCUSSION

Mantle conditions for the origin of LIPs and komatiites

We now combine the evolution of @ between the solidus and liquidus
of pyrolite at various mantle depths (from Fig. 3) with the chemical
overlap between experimental melts and natural lavas (from Fig. 6).
The result (Fig. 7) highlights the likely source region for primary
magmas at the origin of LIPs and komatiites. In addition, we plot,
the current mantle geotherm (51) and its range of uncertainties
(gray area), as well as mantle geotherms with T}, 100, 200, and 300 K
higher than today (gray lines) (1). We acknowledge that these T profiles
do not formally correspond to mantle T profiles; as they go through
regions between the solidus and liquidus, the effect of latent heat of
mantle fusion should be included. Still, the mantle depth at which
an adiabatic profile crosses the solidus informs truthfully on the on-
set of mantle melting along a decompression path. It appears clear
that T}, > 200 to 300 K higher than today induces melting in the P
domain corresponding to ADK. Secular mantle cooling can explain
the progressive disappearance of ADK, with preservation of AUK
lavas when T, was >150 to 200 K above that prevailing today (Fig. 1).
Last, a mantle plume >50 to 150 K hotter than the average mantle
would yield the production of picrites and deep basalts, which are
currently found at oceanic islands (e.g., La Reunion) and mid-oceanic
ridges, as well as AEK. These hot mantle plumes could still be upris-
ing today (52), producing supervolcanoes like Toba (Indonesia) or
Yellowstone (the United States).

Previous works were based on the modeling of mantle cooling
using the Urey ratio (53) or thermodynamical modeling using the
PRIMELT method (1, 3). Other less extreme scenarios exist on the
basis of similar calculation from the Urey ratio or petrological mod-
eling technique to derive primary magma compositions using large
datasets of non-arc basaltic lavas (9, 54, 55). Our estimates of Archean
temperatures are in better agreement with the most recent studies.
These discrepancies can be explained by several critical points in
the thermodynamical calculations. Different petrological models
give different parameterizations for the MgO content in the melt
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Fig. 7. Mantle P-T regions are sources of the different LIPs and komatiites. Sol-
idus (blue line) and liquidus (red line) of pyrolite are reported together with the
current mantle geotherm (gray zone), and T profiles that are 100, 200, and 300K
higher than the geotherm (light gray lines; these T profiles are not corrected for the
effect of latent heat of fusion between the solidus and liquidus). ® values between
solidus and liquidus are constrained from our experiments (Fig. 3). The likely source
region of the different types of lavas is determined on the basis of their composition
(Figs. 5 and 6). The low-P basalts and picrites plotted in the figure correspond to flood
basalts and OIBs found in the Phanerozoic. MgO-rich picrites (i.e., corresponding to
higher P and melting extents) found on the islands of Gorgona and Curagao pres-
enta chemistry close to komatiites and are therefore classified in the Gorgona-type
group. The thicker blue line serves as a guide to the eyes for the ascent of a hot
mantle plume that could be the origin of the oldest komatiites (see Fig. 8).

produced by decompression melting, as a function of Pand T [e.g.,
(56)]. The thermodynamical models rely heavily on the available
experimental data, and before our work, these data were limited to
Pbelow 7 to 8 GPa concerning the formation of high MgO magmas
(2, 23). We show that Archean komatiites can be produced at high-
er P than previously thought. A major reason of this discrepancy is
our lower solidus profile; it yields differences of 100 to 200 K lower
than previous works for the T}, value of the primitive mantle. In
addition, we provide an accurate determination of the rate of melt-
ing as a function of P and T for the anhydrous mantle. This yields a
more accurate dataset on the melt chemistry over a wide range of
mantle P-T. Still, we observe relatively good agreement with the lit-
erature, indicating that the key point is the accuracy of the T mea-
surement within the sample, and the relationship between melting
rate and T between solidus and liquidus.

Which mantle thermal state produces primitive

ultramafic magmas?

The production of a large volume of mafic to ultramafic magma
is generally explained by the rising of a hot mantle plume (29, 30).
However, if the mantle T profile follows an adiabatic gradient [cor-
responding to T}, of 1600 K or higher (57)], then substantial thermal
anomalies can only be generated if the ascending material comes
from the hot thermal boundary layer in contact with the core. Such
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mechanism can explain the present-day OIB (28, 58); the hot material
can eventually form a dome and rise toward the surface. Still, the thick-
ness of the hot-layer atop the core-mantle boundary (CMB) could only
be several hundred kilometers, yielding mantle plume with a reduced
volume. These smaller plumes are unlikely to generate great LIPs.

T, higher in the past than that prevailing today would yield ubiq-
uitous and persistent mantle melting in a wide range of mantle
depths (Fig. 7). This thermal state is not consistent with the sporad-
ic character of the LIPs. In addition, if the extent of melting should
become larger than ~40%, as required to explain the composition of
some komatiites, then this would indicate a layer of very low viscosity
within the upper mantle for a very long time, which is a new con-
cept with implications to be investigated. Last, warmer adiabatic
T profiles with a mushy upper mantle are not found in line with the
cooling history of Earth, when the starting point is the MO solidifi-
cation after the Moon-forming impact [see e.g., (59)]. Alternatively,
major thermal anomalies within the deep mantle could more sim-
ply explain the properties of LIPs and komatiites.

The simplest mechanism to produce large mantle plumes with
positive T anomalies is a superadiabatic T profile in the deep solid
mantle (Fig. 8). This favors mantle instabilities and overturns; large
volumes of deep mantle can rise to the surface and become hotter
than the surrounding mantle because they cool less during the adi-
abatic decompression than the superadiabatic gradient prevailing in
the mantle. We recently demonstrated that super adiabatic gradients
should prevail in the deep mantle for 1 Ga or more after the major
Moon-forming impact (59). This thermal state is a necessary step be-
tween (i) the solidification of the global magma ocean, which yields
a T profile close to the mantle solidus and (ii) the adiabatic profile
of the present-day mantle with T}, of 1600 to 1650 K (if an adiabatic
T gradient is really achieved today). Along this cooling stage, T should
decrease by 500 to 1000 K in the lowermost mantle. It implies the
extraction of a huge amount of heat, especially because of other
sources of energy available, such as radioactive disintegration.

Superadiabatic mantle gradients could be at

the origin of LIPs

Following previous work (59), we recalculate the evolution of the
mantle T profile over time after the crystallization of a pyrolitic magma
ocean. A most appreciable difference in the parameters is the solidus
of pyrolite, which presents a progressive increase with increasing
depths in the upper mantle (fig. S6). Because of this curvature, the
last mantle region to solidify upon cooling is at mid-upper mantle
depths (fig. S9), instead of just below the surface for the chondritic-
type mantle composition used in the previous work. It results that
the cooling rate of the pyrolitic mantle is significantly slower, with a
T profile remaining largely superadiabatic in the deep mantle for
2 to 3 Ga or more (Fig. 8 and fig. S9). Together with the fact that
melting happens solely in the first 1000 km of the mantle (fig. S12),
such long time scale provides a primary justification for using the
properties of the pyrolite mantle for our discussions; while the bulk
primitive mantle could very well be of chondritic-type composition
after the core segregation, the mean mantle involved in the convec-
tion processes 2 to 3 Ga later in the shallow mantle is believed to be
similar to pyrolite composition.

We also calculate the P-T path that uprising material would fol-
low along adiabatic decompression paths, taking into account the
latent heat of fusion [e.g., (50)] when the plume enters the P-T do-
main between the solidus and the liquidus. The adiabatic uprising
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Fig. 8. Thermal state in the ancient mantle. Panel (A) reports the solidus and liquidus
of the pyrolitic mantle (green lines), the present-day reference adiabatic T gradient
for Tp = 1600 K (light blue), ancient adiabatic T gradients going through a mushy
zone in the upper mantle (blue lines), and ancient T profiles with ages from 4.0 to
1.0 Ga before present (red lines). Panel (B) is a zoom of the figure A between 0 and
1000 km and 1500 to 2500 K. The T profiles result from modeling the cooling of a pyrolitic
mantle composition from a global magma ocean, following previous work (59). The
thicker blue line is a guide for eyes for the ascent of a hot mantle plume. With an initial
temperature typical of an ancient T profile, for example, 2850 K at 2300-km depth
in a ~3-Ga-old mantle [blue dot in (A)], a rapid decompression path along its correspond-
ing adiabatic T gradient (bold blue line) yields a mantle plume with a major T excess
in the shallow mantle, compared to the average T profile. This plume would cross
the solidus at ~800-km depth and melt partially at levels of 25 to 30%, ~50%, and
30 to 40%, at mantle depths of 660 km, 300 to 500 km, and 100 to 200 km, respectively.
This information is given by the position of the thick blue line between the solidus and
liquidus in (B), following the expected extent of melting as a function of P and T (Fig. 3).
These conditions are compatible with the formation of Barberton-type komatiites
(Fig. 7). Our model of liquid komatiite petrogenesis by adiabatic decompression is
similar to that of picrite or MORB petrogenesis, except that it involves a superadia-
batic T gradient to generate hot mantle plume coming from great mantle depths.

of a mantle blob from 2300-km depth and 2850 K (which corresponds
to mantle conditions about 3 Ga ago; blue dot in Fig. 8) would cross
the solidus at ~800-km depth and melt partially at levels of 25 to
30%, ~50%, and 30 to 40% at depths of 660 km, 300 to 500 km, and
100 to 200 km, respectively (fig. S8). These melting conditions are
very compatible with those needed to produce ADK, AUK, and early
AEK-picrite lavas, respectively (Fig. 6). Therefore, the prevalence of
superadiabatic gradients in Archean and early Proterozoic mantle
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offers new explanations for the sources of LIPs and komatiites.
Within the first ~1000-km depth, the magnitude of the T excess of
the mantle plume, compared to the average mantle, depends on the
level of mantle superadiabaticity of the T profile in the deep mantle
and the depth from which the mantle plume originates. With secu-
lar cooling, the level of superadiabaticity decreases, inducing small-
er T anomalies in the shallow mantle.

Another major aspect that still needs to be addressed is the vol-
ume of uprising material, which needs to be several million cubic
kilometers to produce major LIPs. While the presence of superadi-
abatic mantle gradients could provide an explanation for the pres-
ence of hot plumes in the upper mantle, the dynamics of such hot
mantle could be different from today. A steep T profile in the past
implies high Rayleigh number value and turbulent mantle convection.
Unsteady convection cells could have developed with characteristic
length scales much smaller than the mantle thickness (60). At early
time, uprising of hot material from the deep Earth may have oc-
curred sporadically along heat pipes (61). Mantle cooling over the
Hadean and the Archean should have progressively increased the length
scale of mantle convection, due to the decrease of the Rayleigh num-
ber, before global mantle convection is progressively established (62).
Under these circumstances, the production of LIPs and komatiites
and slab subduction would be precursors of the establishment of
global mantle convection prevailing in modern Earth.

MATERIALS AND METHODS

Sample preparation

As starting material, we used a typical composition of pyrolitic mantle.
This model is constructed by adding some MORB to mantle peri-
dotite. It is dedicated to represent a primitive undepleted upper man-
tle (63). Our pyrolitic composition (table S1) is not far from KLB-1
(27) and fertile oceanic peridotites (64). A mixture of synthetic
powders was homogenized in an agate mortar, before glass spheres
of diameter ~2.5 mm were produced using an aerodynamic levi-
tation system (65). The use of a regulated flow of pure Ar yields a
convenient Fe’*/(Fe’"+Fe’") ratio of 7 to 8% for such type of sample
composition (66).

We determine the water content in the pyrolitic glass using in-
frared spectroscopy, based on the Beer-Lambert law and absorption
coefficients given for basaltic (67) and basanitic (68) glasses. These
coefficients are valid when using the height of a water band located
at, e.g., 3450 cm™'. With water contents ranging between 18 and
22 parts per million, we consider the glass starting material nomi-
nally dry.

Glass spheres are reshaped by polishing in the form of a cylinder
to be directly inserted in the high-P assembly of the multi-anvil
press (MAP). The cylinder of glass offers several advantages includ-
ing a rigid shape during compression and a very small surface/
volume ratio for moisture absorption, compared to powders. We keep
the sample length less than 1 mm to reduce T gradients during high
Pand T experiments.

Electrical conductivity measurements

Electrical conductivity measurements are performed up to 20 GPa
at the Laboratoire Magmas et Volcans using the same experimental
procedure as in our previous work (45). We use tungsten carbide
cubes with edge truncation of 11, 6, or 4 mm, octahedron P medium
made of Cr,03-doped MgO with edge length of 18, 14, or 10 mm,
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respectively, and cylindrical furnace made of a Re foil of 25-um thick-
ness. The heater is surrounded by a zirconia sleeve, which serves as
thermal insulator. The sample is inserted in an MgO capsule; MgO
is softer than alumina parts, which minimizes the deformation of
the molten sample. Before preparation of the assembly, all ceramic
parts are fired at 1000°C for 1 hour and stored in a vacuum furnace
at 150°C together with the glass sample. The sample length is deter-
mined before and after the experiment using a high-precision digital
gauge and the SEM. We apply a correction based on elastic param-
eters to account for the change of sample length due to compression
and thermal expansion. P is determined on the basis of a press-load
versus sample-P calibration using the well-known phase transition
in mantle minerals. The uncertainty evolves from 0.5 to 1 GPa with
increasing P (69).

Rhenium disks electrodes with diameter of 1 mm are positioned
at the top and bottom of the sample. They maintain the electrical
connection between the sample and the electrodes and favor the
spreading of the current at the sample surface. On one sample side, we
insert the two wires of a C-type thermocouple (W 9sReg 05-Wo 74Re€0.26)
through the MgO cylinder and in contact with the Re disk. A third
Wo.o5Rep 5 wire is positioned at the other sample side. On the basis
of this configuration, the sample T can be measured on one sample
side and impedance spectra are collected between the two W 9sReq o5
wires. Because of the proximity with the Re furnace, we estimate our
sample fO; close to the Re-Reoy buffer.

Absence of a metallic capsule around the silicate sample can in-
duce the escape of some melt from the sample core, especially when
achieving high extent of melting. This melt could react with the MgO
sleeve. Fortunately, this effect is reduced when a stronger cohesion
of the cell assembly is achieved at high P (70). In addition, we per-
form fast heating after the solidus T is detected (see below). Using
the trial-and-error method, we optimized the experimental duration
to obtain a good textural and chemical equilibrium together with
minimum melt migration.

Electrical impedance of samples was recorded using the ModuLab
MTS Impedance/Gain-Phase Analyzer in a range of frequencies be-
tween 1 MHz and 1 Hz [see details in (45)]. After compression to
the target P, we performed different cycles of heating and cooling to
remove adsorbed moisture from the assembly components, until a
reproducible sample conductivity is achieved. Then, T is raised up
to ~1300 K, which is above the glass transition of our pyrolite glass.
The sample resistivity increases again as a sign of final dehydration
and crystallization. The grain size is up to 2 to 10 pm, based on the
microstructure of quenched samples. After this step, the sample is
cooled to 600 to 800 K before the final heating up to the melting
T. Our major criterion for the detection of solidus is the change of
slope in the T dependence of sample conductivity (fig. $4).

X-ray measurements

We performed x-ray diffraction and contrast imaging in situ in the
MAP operating at the PSICHE beamline of the SOLEIL synchrotron
using the same experimental procedure as in our previous work [see
details in (45)]. P up to 27 GPa is generated using WC cubes with
3- or 4-mm truncation edges mounted with 7- or 10-mm-length
Cr-doped MgO octahedra. High T'is provided by a Re tubular furnace
surrounded by a ZrO, sleeve for thermal insulation. Re electrodes
with a donut shape are used to connect each furnace extremity to
one cube truncation. Heating is obtained by applying an alternating
current at 100 Hz.
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T is monitored by a C-type thermocouple (W/Re) in contact with
the furnace at the center of the assembly. All pieces are positioned
horizontally in parallel with the x-ray beam.

The beamline configuration is similar to that for a previous study
dedicated to measuring the silicate melt viscosity (49). At the sam-
ple position, we use either (i) a relatively large beam of about 2 mm
by 2 mm to record the sample image as a function of time using a
fast charge-coupled device camera (>100 frames per second) located
behind the MAP or (ii) a beam collimated to 50 um by 200 um to
characterize the sample mineralogy and monitor P. X-ray diffraction
patterns are recorded in energy-dispersive mode using a Ge solid-
state detector coupled to the Caesar-type diffractometer. A 26
diffraction angle of 8.0° (+107°) is convenient to register the major
diffraction lines of our silicate samples. On the basis of uncertain-
ties of the determination of the MgO cell parameter and on the
MgO equation of state itself, the uncertainty in the P determination
is ~0.3 GPa (71).

The new falling sphere technique

We investigate the rheological transition occurring in the sample at
an extent of melting (®) of 30 to 40% using x-ray imaging and an
original “falling sphere” method (fig. S5). For this, using laser abla-
tion, we drill a small hole on the lateral surface of the cylindrical
sample at equal distance from the two ends. One or two rhenium
spheres with diameters of 50 to 80 um are inserted in the hole. We
verify that Re spheres are located on the upper side of sample when
inserting the assembly in the MAP. The sample P is determined on
the basis of the x-ray diffraction signal of the MgO disks located on
each side of the sample.

Upon heating above the solidus, we first observe some instabili-
ties in the position of the sphere likely produced by an increasing ®
in the sample. With further T increase, the sphere starts to fall within
the sample. Its movement appear to be chaotic, indicating the sphere
bouncing on the surrounding mineral grains. The sphere does not
fall at a constant speed and takes several seconds to go across the
sample. Its complete fall takes orders of magnitude longer than a
sphere fall through a fully molten sample at similar P (49). The slow
falling of the sphere evidences a rheological transition between solid-
like to liquid-like behavior. This transition occurs when the amount
of melt is sufficient to disrupt the rigid cohesion between grains
forming the solid matrix. Still, the high fraction of solid grains pre-
vents a rapid fall of the sphere. We have heated some of our samples
to even higher T, and in this case, the sphere falls through the entire
sample in milliseconds (~200 ms). Using this technique, we have
monitored the rheological transition at eight different P from 5 to
24 GPa and at T ranging from ~1855 to ~2250 K (table S2) The ex-
tent of melting is determined a posteriori on the recovered samples.

Temperature gradients and uncertainties

Estimation of thermal gradients is crucial for an accurate determi-
nation of the pyrolite melting T. They can yield to heterogeneities in
partially molten samples, although the sample volume is less than
1 mm’. Our recovered samples do not present significant zoning
when using the 18/11 cell assembly, neither in @ nor in the chemical
composition of the different phases. The situation is not as ideal
when using the smaller 14/6, 10/4, or 7/3 assemblies. We limit artifacts
possibly generated by chemical segregations by duplicating experi-
ments several times and crosschecking the petrological and chemi-
cal analyses of different samples. For a few samples, the texture and
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sample mineralogy were slightly different at the two capsule ends
because of non-negligible T gradients. If the overall chemical ho-
mogeneity is well preserved, then these samples can still be used to
determine the melt composition, based on chemical analyses of the
different sample areas.

We model the T field for our different cell assemblies for ther-
mocouple readings between 1773 and 2273 K (fig. S10) (72). We
obtain a T difference of less than 100 K between the sample and the
thermocouple located in contact with (i) an electrode at the top of
the sample for electrical conductivity experiments and (ii) the tubu-
lar furnace around the sample for x-ray experiments. The difference
can only be higher if the sample is significantly off the center of the
assembly (and especially for 10/4 and 7/3 assemblies), which can be
checked on the recovered samples. The coldest zones are the top
and bottom of the cylindrical sample, while the central plane of the
sample records the highest temperatures. We applied a correction
to all T' measurements based on the modeled T gradients.

For conductivity measurements, the sample volume is ~0.8 mm
and maximum T difference of 60 or 70 to 80 K is calculated using
18/11 or 14/6 and 10/4 assemblies, respectively. For x-ray measure-
ments, maximum T difference is 80, or 90 K, for 10/4 assembly with
a sample volume of 0.4 to 0.5 mm?, or 7/3 assembly with a sample of
0.2 to 0.3 mm’, respectively.

3

Microstructure of recovered samples

Texture and mineralogy of recovered samples is characterized using
the SEM. Samples are mounted in an epoxy resin and polished to
mirror-like surface. Longitudinal section (along the furnace axis) is
the most convenient to check the sample homogeneity and estimate
the extent of melting and abundance of the different minerals. Ob-
servations are carried out using both JEOL (JSM-5910 LV at LMV)
and field-emission gun ZEISS (supra 55VP at 2MAtech, Aubiére,
France) SEMs with accelerating voltage of 15 kV and working dis-
tance (WD) from 6 to 11.6 mm. The use of small WD enables the
detection of small veins of melts typical of low ®.

Observations confirm that the initial shape of the samples is well
preserved, even at high melting extents. Images show a good textural
equilibrium for all our samples, based on well-crystallized polygonal
grains with diameters of several micrometers and grain boundary
angles close to 120° (Fig. 2 and figs. S3 and S7). The particles size
does not change significantly with P but rather with increasing T. The
presence of cracks in some samples could result from tensile stress-
es during quench and decompression.

Several chemical maps (Si, Fe, Mg, Ca, Al, and K) have been re-
corded using energy-dispersive spectroscopy to image the elemental
distribution between the melt and the solid residue. Mg, Al, and
Si provide a rapid identification of major minerals; olivine and its
high-P polymorphs, pyroxenes, and garnet. Fe, Ca, and K provide
clues for the identification of the network of melt pockets.

Determination of the extent of melting

We use high-resolution electron microphotographs to determine ®
in our samples. At the solidus T, samples show nanometric traces of
melts at the grain triple junctions and along grain boundaries. In
this case, the size of melt pockets or films is generally too small to
enable a precise measurement of the melt composition, due to chem-
ical interferences with the adjacent minerals. At T of 20 to 50 K or
more above the solidus, the interconnected melt presents a very low
dihedral angle (fig. S3). To prevent artifacts in the determination of
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@, we used the MATLAB software to correlate the backscattered
electron images with chemical maps of the incompatible elements,
which present a maximum concentration in the melt regions. We
perform several calculations with adaptable pixel sizes to check the
robustness of our method; uncertainties on calculated ® are <2 and
<5% for low and high extents of melting, respectively (Fig. 2 and
table S3). These @ values are in very good agreement with other @
values calculated on the basis of the chemical composition of all the
phases coexisting in a same sample. Still, the mass balance technique
provides larger uncertainties compared to image analyses. When a
thermal gradient is detectable inside a sample, the extent of melting
is studied in the different regions and the T'in each zone is estimated
from modeled T gradients (fig. S10).

Chemical analyses

Chemical compositions of melts are determined by electron probe
microanalyses. We used alternatively Cameca SX100 and SXFiveTactis
electron probes with a same accelerating voltage of 15 kV and a
beam current of 20 nA. Quantitative analyses are obtained for eight
elements (Si, K, Fe, Na, Ti, Al, Ca, and Mg) with counting times of
20 s on peak maxima and 2 x 10 s on the background. As standards,
we use natural minerals and synthetic oxides (Si and Ca, wollastonite;
Mg, forsterite; Al, Al,O3; Fe, fayalite; Na, albite; K, orthoclase; Ti
and Mn, MnTiOs; Cr, Cr,03; and Ni, NiO) and pure metal (Fe, Mn,
Mg, Ni, and Cr) for metal alloys. Mineral phases and vein of melts
are analyzed with a focused beam (2 to 5 um), while large melt pools
(with texture of quench) are analyzed with a beam defocused to di-
ameter of ~10 um. In this case, standards are also analyzed with the
defocused beam.

Regions of melt could be adequately localized on the basis of chem-
ical maps obtained using SEM. In this work, we do not attempt to
analyze the incipient melt composition (the smallest ®). Instead,
we cover the most extensive P-T-® domain typical of current and
primitive upper mantle. Aslogically expected, the melt composition
evolves toward pyrolite, the sample bulk composition, with increas-
ing @ (Fig. 5). Chemical trends, however, vary significantly with
experimental P. Noticeable trends are the following:

1) CaO and Al,O; contents in melt decrease significantly with
increasing T because of their known incompatible character. CaO
presents a major decrease from 10 to 15 to ~3 wt% at all P, except
at 23 to 25 GPa where it becomes slightly less incompatible. Al,O3
content also decreases largely with T from ~17 to ~5% at 4 to 5 GPa.

2) The incompatible character of Al disappears with increasing
P, as expected from the presence of residual garnet above the soli-
dus for P higher than ~7 GPa. At low @, the Al content in the melt
increases from ~2 to ~18 wt% with P from 4 to 5 GPa to 23 to
25 GPa, respectively.

3) Our melt FeO contents are low, indicating a moderately in-
compatible behavior. They present a relative stagnation up to @ ~ 60%,
independently of the P, except at 23 to 25 GPa. It suggests solid-melt
partition coefficients close to unity with the solid phases that disap-
pear before @ ~ 60% and an incompatible behavior only relative to
the mineral phase that remain stable up the liquidus. We note that
our FeO results diverge from previous works performed at very low
melting extents, as significantly higher Fe content is reported in the
incipient melt [e.g., (73, 74)].

4) MgO presents a major increase of its content from 15 to 25 wt%
to ~40 wt% with increasing ®. Still, its compatible character de-
creases with increasing P; its content in the melt at low ® evolves
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from ~15 to ~25 wt% with increasing P. At high ®, melts produced at
P higher than ~7 GPa contain 25 to 30% MgO, similar to komatiitic
liquids.

5) SiO; contents in the melt stagnate at 43 to 48 wt% at all ® and
below 23 to 25 GPa. Therefore, upper mantle melts should not be
particularly depleted or enriched in SiO, compared to pyrolite. The
highest melt SiO, content is 50 to 52% at 23 to 25 GPa and @ lower
than 20%. This effect can be related to ferropericlase being the liquidus
phase in this P range [as reported in (75) for peridotite].

6) Simultaneous low MgO and stagnant or high SiO, contents
yield high Si0,/MgO ratio in the first melts to form [e.g., (76)].

7) High Ti, Na, and K concentrations are measured in the first
drops of melts (table S4), and these contents decrease fast with in-
creasing @, as expected for strongly incompatible elements.

Geodynamical modeling

Following our previous work (59), we calculate the time evolution
of the pyrolitic-mantle geotherm during the first ~3 Ga of Earth’s
history. First, we set the primordial mantle T gradient parallel and
slightly above the mantle solidus. It corresponds to the thermal state
of the mushy mantle when the magma ocean has solidified to
@ of ~40% at all depths, several thousand years after the major
Moon-forming impact (77). We note that this model could rise dis-
cussions; still, such highly superadiabatic T gradient is very likely to
happen after the global magma ocean solidification. Then, we use a
one-dimensional numerical model in spherical geometry account-
ing for turbulent convective heat transfer to calculate the extent of
cooling at all mantle depths. This is the same calculations as recently
reported for a chondritic-type mantle [see details in (59)].

We adopt the physical parameters typical of the pyrolitic mantle
model. The composition establishes a number of thermodynamical
parameters; e.g., equation of state, heat capacity, and latent heat of
fusion, which are all calculated using a mixing model based on the
molar fractions of enstatite (37.63%), forsterite (51.64%), fayalite
(5.39%), anorthite (3.13%), and diopside (2.22%). Concerning the py-
rolite solidus and liquidus, we used (i) the solidus and liquidus mea-
sured below ~27 GPa in this study (Fig. 4), (ii) the solidus measured
recently in LMV using the laser-heated diamond anvil cell, which is
very similar to the solidus of the chondritic-type mantle (78), and
(iii) the same liquidus as reported for the chondritic-type mantle
(78) but shifted by —200 K to match the liquidus T of pyrolite found
at ~25 GPa and ~2500 K in this study.

We observe that the liquidus T profile in the lower mantle does
not have a substantial impact on the results of our calculations. When
fitted using Simon-Glatzel equations Ty, (P) = To(P/a + 1Y€, where
Tm(P) and P are melting T(K) and P(GPa), respectively, it yields (i)
(To=1622.7;a=237.79; ¢ = 0.33615) and (T, = 349.82; a = 0.10937;
¢ = 2.9646) for the pyrolite solidus at P below and above 24 GPa,
respectively, and (ii) (Tp = 1931.2; a = 222.27; ¢ = 0.48148) and
(To=1498.9; a = 10.760; ¢ = 2.3668) for the pyrolite liquidus at
P below and above 18 GPa, respectively (Fig. 8).

For mantle viscosity, we consider equation 19B of (59) with Agr =
107 patsl, Vaif = 107 m® mol ™!, Egse = 200 kJ mol™}, and no
dichotomy between upper and lower mantle viscosity. We also con-
sidered radiogenic heating as in our previous work.

In addition to the calculated pyrolitic-mantle geotherm as a func-
tion of time, we also calculate several mantle adiabatic T profiles
for the deep mantle. They are primarily constrained by the pyrolite
equation of state; however, complications arise at T between the
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solidus and the liquidus, where the degree of mantle partial melting
can change with depth. This is taken into account by considering
the latent heat of fusion for the variation of ® with depth, as already
described in previous works [e.g., (50)]. It yields adiabatic T profiles
steeper for the mushy mantle between the solidus and liquidus com-
pared to subsolidus mantle conditions (Fig. 8).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo1036
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