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Deep, ultra-hot-melting residues as cradles 
of mantle diamond

Carl Walsh1, Balz S. Kamber1 ✉ & Emma L. Tomlinson2

The ancient stable continents are up to 250 km deep, with roots extending into the 
diamond stability field1. These cratons owe their mechanical strength to being cool 
and rigid2, features inherited from extensive melt extraction1,3. The most prominent 
model for craton formation anticipates dominant melting at relatively shallow depth 
(50–100 km) above diamond stability4–7, followed by later imbrication to form the 
deeper roots8,9. Here we present results from thermodynamic and geochemical 
modelling of melting at sufficiently high temperatures to produce the very magnesian 
olivine of cratonic roots10. The new closed-system and open-system modelling 
reproduces the observed cratonic mantle mineral compositions by deep (about 
200 km) and very hot melting (≥1,800 °C), obviating the need for shallow melting and 
stacking. The modelled highly magnesian liquids (komatiites) evolve to Al-enriched 
and Ti-depleted forms, as observed in the greenstone belts at the fossil surface of 
cratons11. The paucity of Ti-depleted komatiite12 implies that advanced closed-system 
isochemical melting (>1,825 °C) was much less common than open-system interaction 
between deeper liquids and melting of existing refractory mantle. The highly 
refractory compositions of diamond inclusion minerals could imply preferential 
diamond growth in the more reducing parts of the cratonic root, depleted by ultra- 
hot melting in response to heat plumes from a deeper former boundary layer that 
vanished at the end of the Archaean13.

Diamonds dominantly originate in the deep mantle roots of Archaean 
cratons, which differ from younger continental lithosphere. The 
Archaean cratonic roots experienced extensive melt depletion, 
expressed in the high to very high forsterite content (Fo = 100 × MgO/
(FeO + MgO)) of olivine from mantle xenoliths (Fo91–Fo94), contrast-
ing with olivine from off-craton and other young mantle peridotite 
(Fo89–Fo91)14,15. On the surface of cratons, belts of supracrustal rocks 
host the Earth’s hottest known lavas (komatiites), whose diverse ori-
gins reflect advanced, very-high-temperature melting over a range of 
depths11,12. The original geological models for such melting were based 
on high-pressure experiments and imagined a variety of formation pro-
cesses at very high temperatures at the great depth at which diamonds 
and garnet-bearing cratonic peridotites reside3,10,16,17.

These ideas have given way to the favoured model at present of shal-
low melting and later stacking or inversion of residual lithosphere 
into cratonic roots deep enough to extend into the diamond stability 
field. This was proposed to explain two new pieces of mineralogical 
and geochemical evidence. First, it transpired that garnets from deep 
cratonic mantle roots can be very Cr-rich (Extended Data Fig. 1a), par-
ticularly those found as inclusions in diamond (DI). Interpretation 
of thermodynamic phase diagrams suggested that it is difficult and 
unlikely to make Cr-rich garnet at depths corresponding to pressures 
>2.5–3.0 GPa (ref. 4). Instead, melting was predicted to have occurred at 
shallow depth, producing residues with high Cr/Al-containing spinel, 
which later converted to garnet on deepening of the cratonic root5,6,8. 

Second, deep, garnet-bearing cratonic mantle rocks were found to have 
low concentrations of heavy rare earth elements (HREEs). Geochemical 
modelling suggested that the presence of residual garnet with high 
HREE partition coefficients (D) would retain HREEs during melting7,18. 
By contrast, the shallower mantle Al-phase spinel has low DREE, result-
ing in residual peridotites depleted in HREEs. Again, later conversion 
into garnet peridotite is predicted by means of thickening originally 
shallow spinel-facies lithospheric mantle. A notable limitation of the 
present thinking is that, even at a hotter potential temperature of about 
1,600 °C, advanced relatively shallow melting cannot produce olivine 
with Fo > 93 found in many DIs19 and xenoliths (Extended Data Fig. 1b).

Melt extraction modelling
We used a thermodynamic model to explore refractory peridotite 
and liquid phase relationships at much higher temperatures than 
before, aided by improved liquid models, inclusion of Cr2O3 as a sys-
tem component and revised activity models for pyroxenes20,21. Mod-
elling now allows us to investigate the experimentally poorly known 
refractory space in greater detail than previously possible. Outputs 
of three model arrangements were explored: a physically implausible 
fertile22 single-batch model retaining unrealistically high fractions 
of liquid23; an isochemical incremental model generating depleted 
compositions through repeated extractions of melt from an originally 
fertile source; and an open-system model in which refractory solid 
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residues were hybridized24 with liquids from greater depths (see Meth-
ods). In the incremental model, starting from fertile mantle (KR4003 
(ref. 22)), across three melt extractions (Fig. 1a,c,e), the residue rapidly 
becomes more refractory, evolving from pyrolite to harzburgite and 
garnet dunite with loss of incompatible TiO2, Al2O3, Fe2O3, CaO, Na2O, 
K2O and (more modestly) FeO, retention of Cr2O3 and MgO, and little 
changed SiO2 (Extended Data Table 1). Notably, unlike in the unrealistic 
single-batch model, in which garnet disappears after modest melt 
extraction between 2.5 and 4.0 GPa (ref. 4) (Extended Data Fig. 2), it 
remains the second-to-last phase on the liquidus above 3.3 GPa in the 
refractory system.

The first new key finding relates to the high Cr2O3 in garnet (Sup-
plementary Data 1). Even in the single-batch model, garnet at 5 GPa can 
reach Cr2O3 concentrations as high as 10–11 wt% close to garnet exhaus-
tion (Supplementary Data 2), with no need for a high Cr/Al precursor 

rock. In the incremental melting model, garnet persists to 1,877 °C at 
5 GPa, reducing in abundance from 15% by mass on the solidus to less 
than 3% at orthopyroxene-out (Fig. 1a). Together with the decrease in 
garnet mode, its Cr2O3 concentration increases very strongly from 4 
to 18 wt% (Fig. 1a). Regardless of pressure, it is found that only the last 
remaining garnet in the system, within 30 °C of the garnet-out reaction, 
is very Cr-rich (approximately 6–18 wt% Cr2O3), similar to the G10-type 
chemical signature classically used for diamond prospectivity25. This 
upper value is very close to the maximum Cr2O3 observed in garnet DIs 
(Extended Data Fig. 1a).

Open-system deep mantle melting
Melting at the very high temperatures of the incremental model is 
geologically most plausible when heat transfer from even deeper 
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Fig. 1 | Stability fields, abundances and selected chemical attributes of 
modelled mantle minerals. Comparison of results from incremental (left) 
versus open-system modelling (right). The panels in the top row compare 
garnet mode in residue (pink), garnet Cr2O3 content (teal; black dashed overlay 
with spinel) and olivine forsterite (green) with temperature at 5 GPa (a and b). 

The middle panels (c and d) show modal abundances of phases, with clear 
persistence of garnet and orthopyroxene stability to very high temperatures. 
The bottom row compares pressure–temperature phase stability fields in 
refractory (e, after Ext2.5 from KR4003) versus open-system (hybrid #1) space 
(f), with dashed lines indicating the mode box position.
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liquids originating below the lithosphere is considered. This open 
system was simulated with hybridization24 of deep (7 GPa for hybrids 
#1 and #3; 8 GPa for #2) komatiites with variably refractory resident 
lithosphere (Extended Data Fig. 3; see Methods for details). The less 
refractory hybrids #1 and #2 (results of #1 shown in Fig. 1b,d,f) reach 
maximum Cr2O3 in garnet of 12.9 wt% (Fig. 1b and Supplementary 
Data 3) and 13.8 wt%, respectively. Only the hybrid (#3) of an already 
highly refractory lithosphere with the lowest addition (20% by mass) 
of deep komatiite produces Cr concentrations in garnet of 15.0 wt% 
(Supplementary Data 4), which is still not as high as in the incremental 
model. Owing to chromite spinel occurring as DIs26, the possibility of 
spinel existing at very high pressures was also explored (Extended Data 
Fig. 5). This modelling indicated that spinel would replace garnet as the 
second-to-last phase on the liquidus. We deem this finding unrealistic 
by comparison with experiments22 (see also Methods) and because the 
model spinel composition is far lower in Cr than that observed in DIs26.

All models yield highly magnesian olivine in residues (Extended Data 
Fig. 4). In the incremental model, increase in Fo content with increasing 
temperature is slowest, owing to persistence of orthopyroxene (Fig. 1c), 
which competes for MgO. In the single-batch and hybrid models, Fo 
content increases more rapidly, therefore, the incremental model pre-
dicts very Cr-rich garnet to coexist with the least extreme olivine (about 
0.5 Fo units lower than in fertile and hybrid residues), more similar to 
olivine DIs26 (Extended Data Fig. 1b).

Modelling HREE loss
Dynamic incongruent melting modelling was used to calculate HREE 
systematics of residues after incremental melt extractions. The melting 
pathway was based on the outputs of the proportions and compositions 
of all phases across the pseudosections20, which yielded exact stoichio-
metries for melting reactions. A series of isobaric trajectories (4.0, 5.0 
and 5.5 GPa) were modelled to test deep in situ lithospheric melting as 
an alternative to the traditional deep melting hypothesis of polybaric 
fractional melting. Starting from the solidus, the relative consump-
tion (and crystallization) rates of solids were calculated until a phase 
boundary or a critical melt fraction was encountered, whichever was 
earlier. Six melting reactions occur from the solidus until garnet-out 
(Fig. 2 inset). For each melting reaction, appropriate individual parti-
tion coefficients were calculated for all phases from their compositions 
and equilibrium conditions (Extended Data Table 2 and Methods) as 
inputs for the incongruent dynamic trace element model27 (Supple-
mentary Data 5). In one version, a small fraction of liquid was retained 
at extraction and the other retained no liquid. Regardless, the resulting 
concentration trajectories in lutetium (Lu) versus ytterbium (Yb) space 
are very similar (Fig. 2), with minimal difference between the 4.0-GPa, 
5.0-GPa and 5.5-GPa models, all producing a marked Lu and Yb loss. This 
shows that HREE depletion also occurs by high-pressure melting in the 
presence of garnet. It can be attributed to near-complete consumption 
of garnet, early consumption of clinopyroxene, steady formation of 
peritectic orthopyroxene and repeated extraction of liquid.

Our results differ substantially from earlier studies7 that did not 
model incremental loss of liquid, did not account for changing melt 
reaction stoichiometries and used generic garnet DREE (ref. 18) calibrated 
for much lower pressure mid-ocean-ridge melting (see Extended Data 
Fig. 6). Lu and Yb concentrations in natural harzburgites plot along our 
model trajectories corresponding to residues between liquid extraction 
increment 2 and orthopyroxene-out in our model. This corresponds 
to 35–65 wt% cumulative melt extraction at 5 GPa and yields garnet Cr 
concentrations that match those observed in the xenoliths (Extended 
Data Fig. 1a,c). When major element outputs from the thermodynamic 
model are combined with the HREE results, the resulting model resi-
dues for the isobaric 5-GPa incremental model reproduce empirical 
garnet harzburgite data very well in Mg/Al versus Yb space (Extended 
Data Fig. 7). Limitations of the pyroxene activity–composition models 

(>6 GPa) preclude testing the open-system models for HREEs, as liq-
uids are derived from greater depths—environments with poorly con-
strained DREE at present.

Highly refractory diamond cradles
Our results show that the two pieces of evidence previously used to 
strongly argue against inherently deep in situ formation of cratonic 
garnet harzburgite are no longer unambiguous. With respect to the 
extent of Cr enrichment, the key is the expansion of the garnet sta-
bility field at 5 GPa in the refractory and open-system models (Fig. 1) 
compared with the fertile model. Not only is garnet stabilized to much 
greater temperature (from 1,779 °C to 1,877 °C at 5 GPa), it also becomes 
much richer in Cr (from a maximum of 11 to 18 wt% Cr2O3). The natu-
ral garnet DIs highest in Cr therefore seem to have formed by means 
of incremental or open-system melting involving highly refractory 
lithosphere, leaving behind residues of very depleted harzburgites 
or even garnet dunites28. Most diamondiferous peridotites apparently 
disaggregated26 on transport in kimberlite but refractory indicator 
minerals are commonly found alongside diamond in concentrates 
and the few diamondiferous xenoliths that survived to surface are 
extremely refractory garnet harzburgite and dunite29, implying that 
diamond preferentially formed in those environments.

The tendency for DI garnet and olivine to be more Cr-rich and Mg-rich, 
respectively, than in harzburgite xenoliths has two most obvious expla-
nations. First, DIs could be vestiges of an overall highly refractory origi-
nal lithosphere that was later refertilized and sampled by xenoliths. 
Second, the original ancient lithospheric mantle was variably depleted, 
with diamond mainly forming in the most refractory, possibly subor-
dinate, portions. Owing to the representativeness of cratonic mantle 
samples, it is not feasible to conclusively evaluate the two possibilities 
with them alone. Our new perspective is that the chemistry of komatiites 
affords independent insight into the extent of cratonic mantle deple-
tion in the Archaean. Komatiites are classified into Al-depleted (ADK), 
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Al-undepleted (AUK) and Al-enriched (AEK) based on the Al2O3/TiO2 
ratio. This is not due to fractional crystallization, as Al2O3/TiO2 is not 
substantially correlated with MgO (Fig. 3c).The hottest komatiite is rare, 
very Ti-depleted12 AEK known from several cratons15. Komatiites were 
emplaced in this order of classification on some cratons (for example, 
Kaapvaal11), whereas on others, they exist in close stratigraphic prox-
imity (for example, Abitibi30). Our incremental 5-GPa model produces 
liquids with increasing Al2O3/TiO2 (Fig. 3c), eventually reaching Al2O3/
TiO2 > 70 (Fig. 3c), whereas only in the most refractory hybrid model 
(#3) liquids reach Al2O3/TiO2 of about 40. Because the model outputs the 
chemistries of residual phases (that is, Cr2O3 in garnet) as well as those 
of the coexisting liquids (that is, Al2O3/TiO2), it is possible to use the 
global Archaean komatiite database (Fig. 3d) to estimate how common 
refractory, potentially diamond-bearing residues could have been. In 
the incremental model, residues with >5 wt% Cr2O3 garnets (represent-
ing 87% of all DI garnets) require liquids with Al2O3/TiO2 > 36.3. Only 
7.6% of global komatiites meet this criterion. Hybrid model #3 requires 
liquids with Al2O3/TiO2 > 23.7 for >5 wt% Cr2O3 garnets, which would 
satisfy 28.4% of the observed komatiites. If the predominant mode of 
deep cratonic mantle melting was incremental, then highly refractory 
cratonic peridotite was always subordinate (7.6%). In the more prob-
able case of open-system melting, komatiite chemistry suggests that 
up to about 28% of the deep mantle could originally have been suffi-
ciently refractory to stabilize highly chromian garnet. Regardless, only 
incremental melting (for example, at 5 GPa and 1,827 °C) can generate 
Ti-depleted komatiite liquid very close in composition (Extended Data 
Fig. 8) to the archetype from Commondale12. It may be notable that this 
komatiite carried Al-rich olivine crystals from >250 km depth to the 
surface, providing a direct link to very deep melting31.

Geodynamic implications of deep melting
In our preferred model, original mantle lithosphere was deep and 
moderately depleted (Fig. 3a). Episodic heat upwellings13 and arrival 
of deeper-sourced liquids32, possibly from a now-vanished thermal 
boundary layer in the mantle transition zone, caused further local 
open-system melting, yielding AUK and AEK. This was accompanied 
by further incremental melting, erupting very high Al2O3/TiO2 komati-
ite. The modified deep Archaean cratonic mantle was thus variably 
depleted, with highly refractory residues making up 8–28% of its volume 
(Fig. 3b). Because ferric iron (Fe3+) is incompatible33, the most refractory 
residues ended up with the lowest Fe3+/Fe2+ ratios34. It is reasonable to 
suggest that these residues had the highest potential to reduce carbon 
from invading carbonate fluids35 to diamond. The prominent peak in 
DI encapsulation at 190–210 km (ref. 36) suggests particularly effec-
tive carbonate reduction at that depth (Fig. 3b). Depth distribution, 
radiometric dating of metasomatism37 and fossil ancient geotherms38 
suggest that, over time, the originally deeper lithosphere base was 
weakened (Fig. 3b) and removed. The key feature of Archaean mantle 
was episodic but localized very hot upwelling of heat and melt, such 
as in heat pipes39, conditions that primed portions of cratonic mantle 
as ‘cradles of diamond’ formation and caused eruption of the Earth’s 
hottest known lavas.
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Methods

Major element starting composition and THERMOCALC 
modelling
We selected KR4003 (ref. 22) (Extended Data Table 1), a pyrolitic garnet 
peridotite, as the broadly undepleted starting composition because its 
phase relationships, compositions and melting products are very well 
constrained by empirical and experimental data. In our model, it repre-
sents the primitive, fertile mantle. Melting of KR4003 was investigated 
from 2–6 GPa, 1,000–2,000 °C (sub-solidus to liquidus).

Major element modelling was conducted in THERMOCALC (https://
hpxeosandthermocalc.org/the-thermocalc-software/), an equilibrium 
thermodynamic modelling program using tc350beta (ref. 41), dataset 
tc-ds634 and axfile tc-KNCFMASTOCr (ref. 21). THERMOCALC produces 
the most stable phase assemblage from a list of allowed phases by mini-
mizing the Gibbs free energy of a chemical system. In our case, KNCF-
MASTOCr (K2O–Na2O–CaO–FeO–MgO–Al2O3–SiO2–TiO2–Fe2O3–Cr2O3) 
for discrete pressure, temperature and chemical (P–T–X) conditions. 
Our allowed phases were olivine (ol), garnet (g), orthopyroxene (opx), 
clinopyroxene (cpx), spinel (spn) and melt (liq). The main outputs of 
THERMOCALC are pressure–temperature phase diagrams of discrete 
compositions, referred to as pseudosections. THERMOCALC inputs 
and outputs data in molecular units but for the tables and figures, all 
outputs have been converted to mass units (for example, weight per-
cent). We operated THERMOCALC by means of a front-end Python 
program pypsbuilder (https://pypsbuilder.readthedocs.io/en/latest/
index.html) in development version42, compatible with tc350beta, to 
build, visualize and process pseudosections. pypsbuilder contains 
post-processing methods in psexplorers that we used to calculate com-
positional grids over each pseudosection (Extended Data Figs. 2–4) 
with 1–2 °C temperature spacing.

Batch and incremental isochemical model details
We considered two isochemical models. First, a single-batch closed 
system that examined KR4003 from 1,000 °C to liquidus at 5 GPa. This 
used the (deliberately geologically unrealistic) approach of producing 
only one batch of melt, mimicking an experimental setup, keeping 
all melt in equilibrium with the residual phases. In the partially open 
incremental model, we iteratively extracted three melts from the system 
at 5 GPa. Extractions 1 and 2 (Ext1 and Ext2, respectively), were driven 
to 18.5 mol% melt, of which 16.67% was extracted from the system, 
retaining 10% of the melt in the residue. A final extraction of 8.6% melt 
(Ext2.5) with 0.8% residual melt was found to deplete the remaining 
system sufficiently to approximate phases in the most depleted natu-
ral harzburgites and diamond inclusions. After each extraction, the 
residue composition (remaining mineral phases + residual melt) was 
set as the new bulk composition, as has previously been successfully 
used in sequential melt extraction from metabasalts43–45. Ext1 was taken 
at 1,680 °C, Ext2 at 1,712 °C and Ext2.5 at 1,750 °C. The resulting incre-
mental model is thus a composite of KR4003 (1,000–1,680 °C), Ext1 
(1,680–1,712 °C), Ext2 (1,712–1,750 °C) and Ext2.5 (1,750–2,000 °C). 
The effect of leaving a small fraction of residual melt in the incremen-
tal model is to retain some incompatible elements in the residue that 
would otherwise become too highly depleted.

Open-system models
An alternative (or parallel) method to retain incompatible elements 
is a two-way open system, whereby an incoming liquid reacts with a 
harzburgite in a fashion akin to assimilation–fractional crystallization 
to produce a modified harzburgite and a modified liquid. We explored 
this by modelling hybrid compositions of deeply sourced AUK liquid 
and residual harzburgite solids following a recently demonstrated 
model for peridotite-melt interaction24 reproducing the high orthopy-
roxene modal abundance found in many cratonic harzburgites. Hybrid 
#1 is composed of a 1:2 (by mass) mixture of experimental komatiite 

liquid from run 70.08 at 7 GPa and 1,850 °C (ref. 22) and a refractory peri-
dotite solid represented by the Ext2 harzburgitic composition. Hybrid 
#2 is a 1:2 mixture of the liquid from experimental run 78 at 8 GPa and 
1,900 °C (ref. 46) and refractory harzburgite solid Ext2. Hybrid #3 is a 
1:4 mixture of the liquid from run 70.08 (ref. 22) with the more refrac-
tory Ext2.5 residue solid composition. All compositions are given in 
Extended Data Table 1. THERMOCALC pseudosections for each hybrid 
are shown in Extended Data Fig. 3 and detailed phase compositions 
were examined at 5 GPa from 1,000 °C to liquidus.

Model rationale, further parameters and model limitations
We chose to model the effect of deep melt extraction in THERMOCALC 
because, with the latest dataset and activity-composition models, it 
has been shown to not only reproduce the positions of most phase 
boundaries but also the composition of phases from high-pressure 
experimental constraints21. Sequential extractions were modelled at 
5 GPa to simulate in situ formation of deep lithosphere within the dia-
mond stability window. The exsolution of garnet from orthopyroxene 
found in prominent high-silica harzburgites suggests that orthopyrox-
ene originally formed at 5–6 GPa and garnet exsolved during cooling 
and slight decompression (around 1 GPa) onto the cratonic geotherm47. 
Non-touching garnet and orthopyroxene diamond inclusions suggest 
prominent entrapment between 5 and 7 GPa (refs. 26,36). THERMOCALC’s 
activity-composition models are considered robust and accurate to 
6 GPa. However, the present orthopyroxene model becomes less stable 
≥5 GPa (ref. 21) and, for this reason, 5-GPa extractions were preferred 
for this work.

The biggest limitation of the present axfile/dataset concerns spinel. 
Whereas thermodynamic modelling with the present spinel solution 
model correctly predicts the pressure of the spinel–garnet boundary 
at sub-solidus conditions (Extended Data Fig. 2a), it also predicts the 
existence of a very Mg-rich chromite (spinel) above the liquidus up 
to 5 GPa. In the relevant experiments22, such spinel is absent and at 
>3 GPa, the only Al phase above the solidus is garnet. We regard this 
discrepancy as an artefact of the present spinel solution model (see 
more detail below) and, for the incremental and hybridized models after 
KR4003, spinel was disabled from the possible pseudosection phases.

Because chromite does exist as a diamond inclusion, we nonethe-
less replicated the incremental model with spinel enabled (Extended 
Data Fig. 5) to gain potential further insight. In these more refractory 
compositions than KR4003, in which Mg and Cr are already enriched, 
THERMOCALC predicts the presence of spinel to even higher pressures 
of up to 7 GPa, albeit at very low modal abundance (<0.007 at 5 GPa). 
However, the compositions of these modelled spinels are substantially 
poorer in Cr2O3, and richer in Al2O3 compared with natural diamond 
inclusion Mg chromites26. In the previous spinel activity-composition 
model48, the eight spinel group end members mix ideally, without dis-
order, which is an oversimplification. In the activity-composition model 
applied here21, improvements were made to the interaction energies 
between Mg-Cr spinel and the other spinel end members to fit experi-
ments in the MASCr and CMASCr chemical systems49. However, the 
absence of a Fe-Cr end member remains a limitation.

Because the modelled spinel (when allowed to exist at very high P) 
replaces garnet as the last phase stable with olivine and liquid at 5 GPa, 
this also limited the maximum Cr2O3 content in garnet to 13 wt%. When 
the high-P spinel is enabled, the model cannot produce the most chro-
mian garnets found in diamond inclusions, regardless of how high the 
Cr/Al ratio of the system is. Very-high-Cr garnet only forms in spinel-free 
and orthopyroxene-free garnet harzburgites and dunites.

A further limitation of THERMOCALC is that it does not at present 
feature mixing models for all elements in each phase. In the present 
axfile/dataset, K can only be partitioned between clinopyroxene and 
the liquid, olivine cannot accommodate Al and Cr, and Fe3+ is treated as 
an incompatible element indirectly by means of O. The treatment of Fe 
speciation in the present model means that, even after moderate liquid 
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extraction, the bulk Fe3+/Fe2+ of the residual harzburgite is very low and 
does not diminish greatly with further liquid extraction. Although the 
model trend is qualitatively correct in showing lower Fe3+/Fe2+ with 
increasing degree of melt extraction (as olivine cannot accommodate 
Fe3+ and increases in residue modal abundance33), we do not consider 
the model output Fe3+/Fe2+ as an accurate estimate of residue fO2.

Trace element modelling
The trace element composition of our fertile peridotite was approxi-
mated with pyrolite/primitive mantle50. The isobaric melting path defined 
at 5 GPa in our major element incremental model consists of six intervals 
of distinct melting stoichiometry (Fig. 2 inset). Melting coefficients for 
each phase were calculated from the slope of a linear model of melt pro-
portion ‘versus’ phase proportion over individual melting intervals51.

The REE partition coefficients were calculated for garnet, olivine, 
orthopyroxene and clinopyroxene at the P–T–X conditions of the final 
(highest) temperature in each melting interval (that is, before an extrac-
tion or phase assemblage change; Supplementary Data 3). Partition coef-
ficients were obtained with online tools available at https://earth-sun.
weebly.com/tools.html combining several published models52–56, on the 
basis of a wide array of experimental data. Phase-starting proportions 
were revised for each melting interval (that is, after melt extraction or 
change in phase assemblage; Supplementary Data 1 and 3).

Fractionation of REEs between solids, residual liquids and extracted 
liquids was modelled using quantitative incongruent dynamic melting27. 
This allowed non-modal, variable reaction stoichiometry melting and 
variable-phase KD to be modelled effectively. Stepwise implementation 
of the model allowed discontinuous variations of parameters, such as 
the consumption of a phase or change in bulk composition of the system 
(for example, cpx-out or melt extractions). Residual melt retention in 
the trace element model was varied. In one setup, the incremental model 
retained melt equal to the proportion of residual melt in the major ele-
ment extractions and 1% melt at phase assemblage change calculations. In 
a second (end-member) case, the model was rerun with no residual melt.

Komatiite dataset
For the statistical analysis of Al/Ti systematics of Archaean komati-
ite, 3,829 published komatiite compositions were extracted from the 
GEOROC Archaean cratons dataset57. Filters were applied to the dataset 
to limit analyses to minimum age >2.5 Gyr and >18 wt% MgO, and to 
exclude mantle rocks.

Data availability
The data that support the findings of this study are available in the 
paper or its supplementary files (also available on EarthChem https://
doi.org/10.26022/ieda/112711), or otherwise available on reasonable 
request from the corresponding author. Source data are provided 
with this paper.
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Extended Data Fig. 1 | Cr in garnet and olivine Fo distribution from compiled 
literature with model results. Histograms of: Cr concentrations in global 
cratonic peridotite garnet and garnet DIs (a)18,37,58–110; forsterite component in 
cratonic peridotite olivine and olivine DIs (b)8,24; garnet Cr2O3 concentrations 

in incremental melt model residues and batch KR4003 melt model residues 
during melting (c); garnet Cr2O3 over the melting interval of hybrid compositions 
(d). Note that DI versus peridotite distinction in a and b is more pronounced on 
a craton-by-craton basis than in the global database.



Extended Data Fig. 2 | THERMOCALC pressure–temperature pseudosections 
of the four incremental model systems whose chemical compositions are 
listed in Extended Data Table 1. Equilibrium phase assemblage is shown for 
1,000–2,000 °C, 20–60 kbar for KR4003 (a), Ext1 (b), Ext2 (c) and Ext2.5 (d). 

Each subsequent composition is more refractory than the last, reflected in  
the increasing simplicity of the phase assemblages and higher liquidus 
temperatures.
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Extended Data Fig. 3 | THERMOCALC pressure–temperature 
pseudosections of open-system models. Hybrids #1 (a) and #2 (b) are 1:2 
mixtures of experimental AUK22,46 with Ext2 of the incremental model. Hybrid 
#3 (c) uses the more refractory Ext2.5 composition at a 1:4 ratio (see Methods 

for details). The pyroxene structure stabilized by THERMOCALC is sensitive  
to compositional ‘starting guesses’ illustrated in a and b, in which low-Ca 
clinopyroxene and high-Ca orthopyroxene have the same composition and  
are effectively interchangeable.



Extended Data Fig. 4 | Effect of open versus closed systems on forsterite 
and Cr2O3 in garnet during advanced melting. Open-system and batch 
models show similar evolution in forsterite during progressive melting 
characterized by a continuous steep increase in forsterite until orthopyroxene 
is exhausted compared with delayed increase in forsterite component 
associated with incremental melt extraction. Maximum Cr2O3 in garnet is 
<15 wt% in hybrid-system models compared with >17 wt% during incremental 
melt extraction without komatiite input (incremental model).
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Extended Data Fig. 5 | THERMOCALC pressure–temperature 
pseudosections of the incremental model components after KR4003 with 
spinel enabled. a, Ext1. b, Ext2. c, Ext2.5. Progressively more refractory 
compositions show increased spinel stability up to almost 7 GPa in Ext2.5, 
albeit at very low modal abundances (<0.007 at 5 GPa). Below 7 GPa, spinel 
replaces garnet or orthopyroxene as the last phase to coexist with olivine and 

melt. This unexpected high-pressure-stability spinel is attributed to increased 
MgO and Cr2O3 in the residue (over)stabilizing picrochromite in THERMOCALC21 
(see Methods for more details). The effect on Cr2O3 in garnet is only observed 
close to garnet exhaustion, in which Cr-rich garnet (<13 wt% Cr2O3) converts to a 
spinel structure.



Extended Data Fig. 6 | Effect of selection of partition coefficients on HREE 
concentration in modelled residues. The red line shows the trajectory of the 
7-GPa isobaric melt model redrafted from Wittig et al.7 starting at primitive 
mantle (PM)111. In their model, both Lu and Yb become more enriched with 
increasing melt fraction until garnet-out (g-out; black dot). We used partition 
coefficients from references given in Wittig et al.7 to fit a simple modal batch 
melting model to their 7-GPa isobaric trajectory. This model used a generic set 
of partition coefficients for mantle phases to yield bulk partition coefficients 
of DYb = 8.47 and DLu = 9.46. These result in retention of Lu and Yb in garnet- 
bearing residues. Individually calculated coefficients for the specific P–T–X 
conditions (see Methods for details) are considerably lower. They result in an 
opposite Lu versus Yb trajectory (shown in orange) for an otherwise identical 
model. Melt fractions are annotated for both models. It is noted that the garnet 
partition coefficients used in the 7-GPa isobaric model were experimentally 
derived for a very different tectonic setting—decompression melting beneath a 
mid-ocean ridge112.
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Extended Data Fig. 7 | Covariation in Al over Mg depletion versus ytterbium 
depletion. Whole-rock data for n = 183 cratonic xenoliths from various 
cratons7,18,106 (colour-coded as per legend) show a positive correlation between 
depletion in Al (relative to Mg) and Yb concentration. Superimposed on the 
observed data is the trend modelled for the restite after isobaric 5-GPa 
incremental melt loss. This shows the decreasing fertility as the composition 
trends away from primitive-mantle-like solid composition as gradual 
consumption of garnet through the series of melting reactions (Fig. 2 inset) 
reduced Al and increased Mg (see Extended Data Table 1). The gradual 
consumption of garnet, clinopyroxene and orthopyroxene cause the 
concomitant decrease in Yb concentration in the restite. The incremental 
model follows the trend of cratonic xenolith data away from primitive mantle, 
unlike high-pressure trends suggested in other studies6.



Extended Data Fig. 8 | Comparison of major element composition of 
Commondale parental melt with incremental melt model liquid at 5 GPa 
and 1,827 °C. There is a generally very strong similarity with oxides plotting 
above the line slightly enriched in the model (Supplementary Data 1) compared 
with Commondale komatiite parental melt12. Oxides below the theoretical 1:1 
line are underestimated in the model.
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Extended Data Table 1 | Major element compositions of experimental starting materials and modelled compositions

The pyrolytic KR4003 starting mantle composition22 is followed by successively more refractory systems after incremental melt extractions. Cumulative melt extraction (wt%) is given in 
parentheses. Percentage of oxides remaining from KR4003 after Ext2.5 are also listed, highlighting element (in)compatibility. Experimental komatiite liquid compositions22,46 and open-system 
komatiite: harzburgite hybrids are given.



Extended Data Table 2 | Incremental model HREE concentrations at 5 GPa

For the six melting increments (reflecting change in phase assemblage or system chemistry), new Lu and Yb concentrations were modelled. For residues at extractions (that is, Ext1, Ext2 and 
Ext2.5), the residual melt was the same as in the THERMOCALC model. For the melting intervals ending at phase-out univariant curves, residual melt was set to 1% of the mass of the system. 
Across all six melting intervals, DREE for bulk residue is always <1, resulting in melts with Yb and Lu concentrations higher than the starting composition. See Extended Data Table 1 for extent of 
melting and compositions.
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