Supplementary Information for

Modern arc-like water content in the source of 3.1-billion-
year-old volcanic rocks

Eric D. Vandenburg* Oliver Nebel, R. Hugh Smithies, Peter A. Cawood, Laura A.
Miller, Marc-Alban Millet, and Fabio A. Capitanio

Corresponding author: Eric D. Vandenburg (eric.vandenburg@adelaide.edu.au)

This PDF file includes:

Supplementary Methods
Supplementary Figures 1-12
Supplementary Text
= The Pilbara Craton, Sholl Terrane and Whundo Group
Supplementary References



—_

(¢,

© o0 N O

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

1. Supplementary Methods

The methodologies employed in this study are described in depth below and
summarized in flowchart form in Supplementary Figures 10-11.

1.1. Alteration screening and geochemical classification of Whundo

Group primitive lavas

Due to the difficulty of identifying the lithologies of Archean volcanic rocks,
classifications based on hand sample observations are often inaccurate. As such,
we rely on geochemical data to provide a more accurate and less ambiguous
lithological classification of our samples. During sampling, all reasonable
precautions were taken to obtain the most pristine samples possible. Before
classification, we examined the effects of alteration and weathering on the
chemical compositions of our samples to ensure that their major and trace
elements concentrations are representative of their original magmatic
compositions and have not been remobilized (Supplementary Fig. 2). As a first
pass, we excluded samples with loss on ignition (LOI) > 5% (approximating the
upper limit for magmatic water contents in arcs; ref. 2) from the study, yielding 24
samples from ref. 1 and 16 new samples. Substantial metamorphic and
hydrothermal overprint can be ruled out for our samples based on the alteration
boxplot® method (Supplementary Fig. 2a), as they fall within their respective
fields for unaltered modern arc lavas (determined using 20 values for boninites [n
=191], basalts [n = 3,930], basaltic andesites [n = 5,322], and andesites [n =
4,081], compiled from the GeoRoc* and EarthChem Portal® databases).
Likewise, any effects of weathering can be ruled out, as our samples plot along
the igneous trend on a MFW (mafic-felsic-weathering) ternary diagram®
(Supplementary Fig. 2b). Large-ion lithophile elements (LILE; e.g., K, Rb, Sr, Ca,
Ba) are valuable tools for evaluating subduction processes such as fluxed
melting and slab fluid input’, but their fluid-mobile nature also makes them

heavily susceptible to metamorphic redistribution®°. As such, we evaluated the
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degree to which, if any, the LILE systematics have been disturbed. Our samples
are well within the range of- and follow a trend similar to those observed within
modern primitive arc lavas, as illustrated in diagrams of Rb, Cs, and Ba vs Nb, a
highly immobile element during alteration (Supplementary Fig. 2c,e,f). Although
our samples have variable LILEs, this variability is commonly observed within
modern arcs (e.g., refs. 10-13), even at the scale of a single stratovolcano, and is
expected due to heterogeneous and time-variable slab inputs, distinct pulses of
magma, and plumbing layouts. Thus, given that the Whundo Group spans
approximately 20-30 Myr, variations in LILE concentrations are to be expected.
Moreover, Rb shows no correlation with loss-on-ignition (LOI), which is often
invoked as a proxy for the degree of alteration, particularly in mafic-ultramafic
rocks'. Based on these geochemical inferences, the low permeability of the rocks
in question (thereby inhibiting fluid-mediated redistribution), lack of evidence for
extensive fluid flow, low metamorphic grade (Supplementary Fig. 3), and large
volume of material collected, we conclude that the Whundo primitive lavas retain
their magmatic LILE concentrations on the whole-rock sample scale, as was

previously established by ref. 1.

The major element concentrations of our samples were re-normalized to
anhydrous following the scheme of ref. 14. Depending on LOI values, two
schemes were used for lithological classification (e.g., basalt). For samples < 2%
LOl, lithology was determined using the modified total alkali-silica (TAS) diagram
of ref. 14 (Fig. 2a). Samples with > 2% LOI were classified using a combination
of the same modified TAS diagram and the Zr/Ti versus Nb/Y diagram of ref. 15
(inset Supplementary Fig. 4a), with the latter taking precedence in classification
where there were discrepancies. Boninites and low-Ti basalts were classified
based on the modified TAS, MgO-TiOz2 (not shown) and the Tis-Sis (inset Fig. 2a)

diagrams of ref. 14 to ensure silica mobility does not influence their identification.

Each sample was assigned to one of the three magmatic series using an iterative
approach. First, samples classified lithologically as boninite or low-Ti basalt were

2



58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

79
80
81
82
83
84
85
86
87

assigned to the boninitic magma group. These samples were divided into the h
(h-high trace element abundance) and | (I-low trace element abundance) subsets
based on the bifurcation in concentrations observed in extended trace element
diagrams (Fig. 3, Supplementary Fig. 6). The remaining samples were examined
on a plot of A2 (the curvature of the rare-earth element patterns'®) versus Ti/V;
three distinct groupings of basalt are observed (Supplementary Fig. 4b). The first
group clusters at Ti/V of 20-30 and Az of ~-15- -5 and plots within the tholeiite field
on an AFM ternary diagram (not shown). We assign this group to the tholeiitic
series. The second group of basalts forms an array of relatively constant Ti/V of
~40 at increasing Az, indicating a source distinct from the tholeiites. As such, we
assign these basalts to the calc-alkaline series. Unlike the tholeiitic basalts, the
calc-alkaline basalts do not form a cluster in A1-A2 and Dy/Dy*-Dy/Ybn-Ti/Ti
spaces (Supplementary Fig. 8d), easily distinguishing the two suites. These
samples fall within the transitional and calc-alkaline fields on the Th/Yb-Zr/Y
magmatic affinity diagram of ref. 17 (Supplementary Fig. 3a). Although some
boninitic samples plot within the tholeiitic field of the latter three diagrams, these
samples show a closer genetic relationship to the calc-alkaline samples than the
tholeiites. The third group of basalts falls along an array in A2-Ti/V space between
boninites and calc-alkaline basalts; this suggests that this group likely represents
the mixing of boninitic and calc-alkaline primitive magmas. As such, we assign

these samples to the transitional boninitic-calc-alkaline suite.

The tholeiites (n = 16) comprise basalts that vary in anhydrous SiO2 and MgO
abundances between 49.8-58.8 wt.% and 3.1-8.4 wt.%, respectively, at Mg#
(100*[molar Mg/{molar Mg + total molar Fe}]) between 35.3-60.4 (Supplementary
Figs. 4-6). Samples of boninitic affinity (h and I, n = 7) have anhydrous SiOz2and
MgO abundances between 50.1-53.1 wt.% and 8.8-10.7 wt.%, respectively, at
Mg# between 62.4-67.8. The calc-alkaline basalts (n = 11) are, on average, more
primitive than their tholeiitic counterparts, varying in anhydrous SiO2 and MgO
abundances respectively between 51.2-55 wt.% and 3.8-7.9 wt.% at Mg#
between 31.6-64.1. Lastly, the transitional boninitic-calc-alkaline suite (n = 6)
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comprises lavas that range in anhydrous SiO2 and MgO abundances between
50.1-56.7 wt.% and 6.9-9.9 wt.%, respectively, at Mg# between 53.6-67.7 and
subtle to no TiO2 depletion relative to other major elements compared to other

geochemical groups (Supplementary Figs. 4-6).
1.2. Fractional crystallization corrections

In contrast to boninite sample 180232, which has a high MgO concentration (10
wt.%) and Mg# (66) approaching that of primary melts, the tholeiitic and calc-
alkaline basalts are not primary melts (i.e., they do not have MgO/Mg# in
equilibrium with mantle olivine'®). Thus, they require back-correction for fractional
crystallization before modelling. To do this, we used the PRIMACALC2 model of
ref. 19. We chose the tholeiitic and calc-alkaline samples with the most
representative trace element patterns (174474 and 201668, respectively), using
parameters listed in Supplementary Data 3 and 9. We assumed isobaric
fractional crystallization for both models, using the olivine DN' model of ref. 20.
For the tholeiitic basalts, we assumed a crystallization pressure of 6 kbar (in line
with crustal thickness estimates from ref. 21), a water content of 0.75 wt.%
(within the range of modern back-arc basalts??), and oxygen fugacity (fOz2) of
fayalite-magnetite-quartz (FMQ) FMQ-1.5, which overlaps with estimates of the
redox state of Archean B-1 type basalts by ref. 23. In contrast, for the calc-
alkaline basalts, we assumed a crystallization pressure of 5 kbar (once again in
line with crustal thickness estimates from ref. 21), water content of 4 wt.% (within
the range of modern arc basalts?#), and fO2 of FMQ+0.1, which overlaps with
estimates of <3.2 Ga B-2 type basalts from the Pilbara at 4 wt.% H20 by ref. 23.
These parameters provided the most reasonable outputs, including melting

temperatures and pressures (Supplementary Data 7).

The back corrections resulted in magmas with 13.4 wt.% MgO for the tholeiitic
basalt and 16.8 wt.% MgO for the calc-alkaline basalt. Because olivine was the
dominant mineral crystallized, back-correction did not substantially affect the

ratios of the trace elements investigated in this study.
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1.3. Modified mantle wedge composition modelling

The large diversity in major-trace element compositions between magmatic
groups of the primitive Whundo lavas cannot be reconciled with fractional
crystallization or crustal contamination (e.g., ref. 1). Instead, the difference
between magmatic groups is attributable to a large diversity in mantle source
compositions. This diversity can only plausibly be achieved through prior melting
events in conjunction with a re-enrichment in selective elements. The section
below describes how this is achieved and provides a background methodology
for calculating the modified mantle wedge compositions in Figure 4a-c. All
parameters are listed with the modelling results in Supplementary Data 3.

Modelling was performed using the spreadsheets in Supplementary Data 5.

Heavy rare earth elements (HREESs) can trace partial melting conditions (i.e.,
melting degree and pressure) due to their moderately incompatible behaviour
and low mobility during subduction (e.g., refs. 25, 26). As such, the HREE
abundances in Whundo primitive lavas can be used to evaluate melting
conditions and degrees of depletion of the mantle sources that give rise to the

observed geochemical patterns in our samples.

Partial melting models were constructed using the non-modal pooled fractional

melting equation?”-28:

a-2(i-(i-2))

Where Ci represents the concentration of a given trace element in the melt
fraction, Cois the concentration of the same trace element in the source; D is the
bulk partition coefficient of the starting mineral assemblage for the element in
question, P is the bulk reaction coefficient, and F is the degree of melting of the

source.

For each element, D is calculated from the sum of individual partition coefficients,
Kin of each mineral i, weighted according to their mass fractions x;:
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D = Yi, xiKip (2)

Similarly, P is calculated from the sum of individual partition coefficients weighted

according to reaction coefficients p;:
P = ¥ piKin (3)

Using a similar approach to refs. 29 and 30, we calculated the trace element
compositions of the modified mantle wedge (Cmw). We first consider two
fundamental melting processes involved in producing Whundo Group lava:
anhydrous and hydrous non-modal critical fractional melting. These produce the
tholeiitic and calc-alkaline magmas, respectively. Here, the mantle has a critical
porosity so that there is always trapped melt present. This is achieved by treating
trapped melt as a mineral with Ktrappedmelt/meit = 1 @and ptrappedmelt = 0 (ref. 31). We
consider the mineralogy of the mantle sources of both magmas to be identical: a
spinel Iherzolite comprised of 59.7% olivine, 15% clinopyroxene, 22.8%
orthopyroxene, 0.05% spinel, and 2% trapped melt. The 2% trapped melt comes
from variations in Rayleigh wave velocities and S wave delays from seismic
imaging of the East Pacific Rise, which suggest 1-2% melt distributed in the
upper asthenosphere®2. We utilize the following equation, rearranged from Eq 1:

Cow = —2—  (4)

1-(-5)"

Where C7 represents the concentration of a given trace element in each sample,
D is the bulk partition coefficient of the source, P is the bulk reaction coefficient of

the melting modes, and F is the degree of melting of the source.

Because there is no evidence for fluid-fluxed melting in tholeiitic basalts
(Supplementary Fig. 8), we propose that they are formed by melting processes
resembling those observed in modern mid-ocean ridge basalts (e.g., ref. 33) or
back-arc basin basalts. This simulates relatively dry, adiabatic mantle melting.
Therefore, for the tholeiites, we assume anhydrous melting in the spinel stability

field at ~1.5 GPa using anhydrous partition coefficients for D, with P calculated
6
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following the melting modes -0.149 olivine, 0.949 clinopyroxene, 0.195
orthopyroxene, and 0.005 spinel (ref. 34); and F of 11.2%.

The evidence for fluid-fluxed melting in calc-alkaline samples (Fig. 2d,
Supplementary Fig. 8) suggests that the primitive parental magmas were formed
by hydrous fluid-fluxed melting, similar to what occurs today in the mantle wedge
of subduction zones (e.g., ref. 35). As such, we assume hydrous melting in the
spinel stability field at ~1.5 GPa using hydrous partition coefficients for D, with P
calculated following the melting modes -0.162 olivine, 0.65 clinopyroxene, 0.508
orthopyroxene, 0.005 spinel®®; and F of 19.2%. The sources for all partition

coefficients used in this study are provided in Supplementary Data 4.

Modelling the modified mantle wedge sources of the I-boninites is considerably
more difficult due to the unique mineralogies of their modified mantle wedge
sources. Boninites are generally regarded to be derived from harzburgitic mantle
sources (e.g., refs. 14, 37); thus, the full consumption of clinopyroxene in the
source at F < Fotal, prevents the estimation of the mantle wedge in a single-stage
back-calculation. As such, the modified mantle sources of these groups were
calculated using a forward modelling approach. We generated a spreadsheet
containing a list of possible concentrations in the mantle wedge for each trace
element, increasing in intervals of 0.001 ppm. For each possible concentration,
the composition of the resultant melt was calculated assuming hydrous, non-

modal critical fractional melting using the following set of equations:

1
C, = Cm—w<1 — <1 — @)Pl) melt composition for melting interval 0 <
Fout Dhyl
F < Fout, where F,; = @ degree of melting required for limiting mineral
1

exhaustion. (5)

M/ oy —Fnut P . .
M fp) = ——2—>—  recalculated mass mode of mineral i in source at F =
~Fout

Fout. (6)
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Cry = Cmw <<1 — @)h) concentration of source at F = Fout. (7)

1-Fout Dhyl

(Ftotal—Fout) Dhyz

1
C CFout _(1 — (1 — _PZ(Ftotal_Fout)>P2) melt composition for melting

interval Fout< F < Foal. (8)

C _ (FoutCa)‘l'Cb(Ftotal_Fout)
l-calc —

total melt composition. (9)
Ftotal

Where Cnw is the original elemental concentration in the modified mantle wedge,
Fout is the degree of melting required to exhaust the limiting mineral, Dny1 is the
bulk partition coefficient for hydrous partial melting of the source before limiting
mineral exhaustion, P1is the bulk reaction coefficient of the melting reaction
before limiting mineral exhaustion, Mim is the initial mass mode of the limiting
mineral, My, F=0) is the initial mass mode of a given mineral in the source, Fiotal is
the total degrees of melting, Dnyz is the bulk partition coefficient for hydrous
partial melting of the source with modes calculated in equation 6 for the second
interval of melting, and P2 is the bulk reaction coefficient of the melting reaction
after the limiting mineral exhaustion point. The spreadsheet then finds where
Cicalc = Ci for a given trace element and returns its corresponding Cmw value,

therefore yielding the elemental composition of the modified mantle source.

To model the depleted harzburgitic source inferred for I-boninitic primitive
magmas, we used an initial source mineralogy of 63.406% olivine, 31.164%
orthopyroxene, 2.009% clinopyroxene (Mmin), 1.441% spinel and 2% melt
(informed by thermodynamic modelling), where P1 is the hydrous spinel facies
melting modes -0.162 olivine, 0.65 clinopyroxene, 0.508 orthopyroxene, 0.005
spinel®®, P2 modes are 0.426 olivine, 0.569 orthopyroxene, and 0.005 spinel to
maintain the olivine:orthopyroxene ratios observed in ophiolite harzburgites®,
and Fotal is assumed to be 18%. In this case, C1 is the trace element
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concentration of I-boninite sample 180232. All parameters and results are
presented in Supplementary Data 3, partition coefficients are listed in
Supplementary Data 4, and the spreadsheets used for calculations are provided
in Supplementary Data 5. A summary flowchart is also provided in

Supplementary Figure 10.
1.4. Thermodynamic modelling

All thermodynamic modelling was performed using version 1.3.4 of the
MAGEMinApp software®, carried out in the Na20-Ca0-K20-FeO-MgO-Al203-
SiO2-H20-TiO2-Fe203-Cr203 (NCKFMASHTOCTr) chemical system using the
internally-consistent thermodynamic dataset (version ds636/G25) for igneous
systems3°. MAGEMin (Mineral Assemblage Gibbs Energy Minimizer) is the
newest generation of Gibbs free energy minimization software and is able to
effectively model magmatic systems under suprasolidus conditions. When
coupled with the latest thermodynamic dataset and relevant activity-composition
models, MAGEMin provides results that exhibit the highest agreement with
experimental results of any phase equilibrium modelling software for the melting
of the mantle38-40. All calculations employed the hybrid solver. For all systems
considered, we used the following activity-composition models: silicate melt°;
garnet, clinopyroxene, orthopyroxene, and ilmenite/hematite*'; olivine*?;
feldspars*?; and spinel group minerals**; pure phases included were quartz, rutile
and sphene. For hydrous systems, we additionally included the following activity-
composition models: fluid and biotite3?, and clinoamphibole*®; H20 was also
considered as a pure phase. Further details are provided in the relevant sections
below; all major element inputs are provided in Supplementary Data 6, and raw

unformatted outputs are provided in Supplementary Data 13.

1.5. Pre-dripduction mantle wedge composition modelling

The pre-dripduction mantle wedge is the mantle source of the primitive lavas
before any dripduction-related input, assuming a two-stage melting process. The
HREE budget of the primitive lavas should not be affected by dripduction
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processes, so we assumed that the pre-dripduction mantle wedge HREE budget
was similar to that of the modified mantle wedge (e.g., refs. 29, 30). Unlike the
inverse modelling approach required to calculate the modified mantle wedge
compositions, the use of a forward modelling approach in this step enables the
incorporation of thermodynamic models that can be used to simulate
decompression melting of the mantle, providing phase proportions necessary for
trace element modelling and major element compositions of the system,
minerals, and melts that can be used to calculate partition coefficients that vary

as melting progresses.

For thermodynamic modelling, we use the estimated major element composition
of the primitive mantle from ref. 46 as our starting composition. We assumed a
Fe3*/ZFe of 0.019, in line with estimates for the mantle at 3.2 Ga*’. All
calculations are performed assuming an anhydrous system. We first determined
the pressure-temperature paths for several mantle potential temperature (Tp)
adiabats using the PTX interface set to adiabatic equilibrium melting, with melt
deselected, ensuring that the melt extraction threshold had not yet been crossed
at the starting pressures. With the paths now determined, we then input the
resultant P-T points back into MAGEMin and run the program in fractional melting
mode with melt re-enabled as a phase and the melt extraction threshold
determined based on the pressure at which the path crosses the solidus. This

simulates fractional melting along the prescribed Tp adiabat.

Using the resultant outputs, we determine the incompatible trace-element
compositions of the pre-dripduction mantle wedge (Cres) and the degree of its
melt depletion, assuming a starting point of a primitive mantle composition (Co;
ref. 48). We use a stepwise approach that replicates critical fractional melting

using the following set of equations:

M;® = M;%] — AEC; the mass of a given element in the residue at step i.
(10)

10
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_ M

= Do the concentration of the element in the melt in equilibrium
iYi bef,i

Gy

with the solids at step 7. (11)

Csoliai = C1;D; the concentration of the element in the solids at step i. (12)
Cresi = M the concentration of the element in the residue (trapped melt
’ 1-E;

+ solids) at step /. (13)

Where M§®s = C,, E;is the fraction of cumulative extracted melt at step i, AE; =

E; — E;_; is the instantaneous amount of melt extracted between steps, S; =1 —
F; is the solid mass fraction at step i, Fi is the total amount of melt at step /.

dver; = @; + AE; is the melt present just before extraction at the end of step i, and
¢iis the fraction of retained melt after extraction at step i. Note that in this
instance, D; is the bulk partition coefficient of the solid assemblage at step /, and
hence, unlike with the modified wedge calculations, melt is not included. The
individual partition coefficients (Kin) of each mineral were calculated for each step

using the equations/methods listed in Supplementary Data 4.

Here, the degree of melt depletion (F) in generating the pre-dripduction mantle
wedges is obtained when the HREE concentrations modelled for the pre-
dripduction mantle wedges approximately equal those of the modified mantle
wedges. This is achieved by minimizing the root mean square of the log ratios of
HREE abundances in the unmodified and modified wedge compositions.

Because MAGEMin only allows for a melt volume threshold to be applied during
fractional melting, we approximated the 2 wt.% melt threshold used above for the
modified mantle wedge calculations by applying a 1.7 vol.% melt extraction
threshold to calculate the tholeiitic and calc-alkaline lavas. Here, the residues
produced by fractional melting along a prescribed 1,400°C Tp adiabat yielded the
best fits for the pre-dripduction mantle wedges, where the mantle adiabat crosses
the solidus at around 2.42 GPa. The best fit for the unmodified tholeiitic mantle

11
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wedge was achieved at an F of 7.2%, while the unmodified calc-alkaline mantle
wedge required slightly less depletion, at an F of 6.5%.

The unmodified mantle source of the boninites requires a mixture of two
components to reproduce its unique HREE pattern: a predominant ultra-
refractory harzburgite (URH) component with a subordinate slightly-depleted

Iherzolite component.

The refractory harzburgite component is produced along a prescribed 1,605°C Tp
adiabat, where melting begins at ~6.1 GPa with the primitive mantle source
undergoing an F of 36.2%. This mantle potential temperature approaches the
melting conditions of komatiite generation (e.g., refs. 49, 50), albeit slightly lower,
but this is to accommodate limitations on calibrated pressures imposed by the
thermodynamic dataset. We chose a critical porosity of 3.5 vol%, which is higher
than that for the tholeiitic and calc-alkaline models (1.7 vol%), for two reasons.
First, there remains substantial debate surrounding the melting style of komatiite
generation, notably whether they were produced by fractional vs. batch melting*®-
51 as a compromise, we chose critical fractional melting with a higher melt
extraction threshold. Second, because the timescale of melt extraction scales as
a reciprocal of Ap?, the density contrast between melt and residual crystals (e.g.,
ref. 52) along the 1,605°C T, adiabat for a fertile garnet peridotite is higher than
for a fertile spinel Iherzolite along the 1,400°C Tp adiabat, as melting begins at a
higher pressure. However, a lower critical porosity would increase the depletion
rate for incompatible elements (e.g., ref. 28), requiring a greater dripduction
contribution to these elements, potentially at a lower degree of prior melt
extraction. A more depleted unmodified mantle wedge would also require a

higher fluid flux to melt at a given temperature, thus reinforcing our results.

The resultant trace element composition of the refractory harzburgite was mixed
with 20% ambient upper mantle (an average of the trace element compositions of
the unmodified tholeiitic and calc-alkaline mantle wedges). This combination of

Tp, depletion and mixing proportion parameters yielded the best fit to the

12
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modified boninitic mantle wedge. Neither component on its own can suitably
reproduce the HREE (+ Y) slope; URH is too steep (upward), whereas slightly-
depleted lherzolite is too shallow (flat to slightly downward). Likewise, using a
lower Tp for the harzburgite component produces a poorer fit, even after

adjusting the component proportions to account for this.

Major element inputs for the thermodynamic depletion modelling are provided in
Supplementary Data 6, major element results are provided in Supplementary
Data 7, and trace element results are provided in Supplementary Data 8. A
workflow is provided in Supplementary Figure 10, and details are provided in

Supplementary Data 3.
1.6. Magma mixing and fractional crystallization

To produce the patterns observed in the transitional boninitic-calc-alkaline
basalts, we mixed average |-boninite with 28% average calc-alkaline basalt using

the following equation:
Cmix = (1 —X) + CcaX (14)

Where Cnix is the concentration of a given trace element of the mixed magma, Ci
is the concentration of a given trace element in the average I-boninite, Cca is the
concentration of a given trace element in the average calc-alkaline basalt, and X

is the mass fraction of basalt added, in this case, 0.28.

We then accounted for 45% fractional crystallization of 34% plagioclase, 34%
orthopyroxene, 26% clinopyroxene, 3% spinel and 3% titanomagnetite using the

Rayleigh fractional crystallization equation?853:
Crelt = CmixF(D_l) (15)

Where Cneltis the concentration of a given trace element in the resultant
fractionated melt, F is the mass fraction of melt remaining, in this case, 0.55, and
D is the bulk partition coefficient calculated using the partition coefficients listed in

Supplementary Data 4. All results are listed in Supplementary Data 10.
13
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1.7. T-X pseudosections

We calculated melt isopleths in 2 wt.% increments for temperature-composition
(T-X) equilibrium phase diagrams modelling 0 to 3.5 wt.% water addition to the
mantle between 1,050°C and 1,450°C. We considered two cases (Fig. 5), which
are briefly described below and in Supplementary Figure 10. Elemental inputs for

T-X models are provided in Supplementary Data 6.

The first case involves water addition to a spinel lherzolite at 1.5 GPa to simulate
the generation of primary calc-alkaline melts (Fig. 5a). We used the major
element composition of the modified calc-alkaline mantle wedge (i.e., primitive
mantle composition that underwent 6.5% depletion along a 1,400°C Tp gradient)

as the bulk input for this scenario.

The second case involves water addition to a clinopyroxene-poor spinel
harzburgite at 1.70 GPa to simulate the generation of primary boninitic melts (Fig.
5b). The major element composition of the admixed 80% ultra-refractory
harzburgite (URH) -20% ambient upper mantle (AUM) hybrid source (the
unmodified boninite mantle wedge composition) was used as the bulk input. As
described below, we used the fractionated P-T software® to calculate melting P-T

conditions for the primary boninitic magmas over a range of Fe3*'zFe.
1.7.1. P-T conditions of primary boninitic melts

Because the Whundo boninitic lavas have MgO contents >8 wt.%, their
compositions have avoided the most significant effects of fractional
crystallization. Therefore, their compositions can be input into the Fractionated P-
T software® to calculate melting P-T conditions for the primary boninitic magmas;
this data is then used to constrain the water content of the boninite mantle source
(Fig. 5b, Supplementary Figs. 9b, 11). The pressure and temperature estimates
produced by this program are independent of each other. For each boninite
sample, we calculated the P-T conditions of melting for a melt with 2, 3, and 5
wt.% H20 (the range of H20 in boninites from ref. 37), at molar Fe3*/zFe of 0.11,
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0.16, and 0.21 (0.21 being the Fe**/ZFe of modern boninites; refs. 37, 55). We
used the olivine Fo content Fogz.9, determined in MAGEMin using the major
element composition of the modelled boninitic mantle source. The results of
these calculations are provided in Supplementary Data 12. For 180232, this
yielded a temperature between 1,317°C and 1,439°C, at pressures between 1.55
and 1.94 GPa. For Figure 5b and Supplementary Figure 9b, we used a pressure
of 1.70 GPa, which is in the middle of these estimates.

1.8. Lambda melting curves

Construction of the melting curves in A1-A2 space’® for clinopyroxene-poor spinel
harzburgite in Figure 2c consists of two components. The first component, the
melting curve itself, was determined via forward critical fractional melting of the
modified mantle source of the I-boninite sample 180232 using the parameters

stated above in Section 1.3. For each REE, it follows that:

For the interval of melting from 0 < F < Fout, where F,,; = M , the degree of

1

melting required for clinopyroxene exhaustion, the ratio of the concentration of an

element in the melt to its concentration in the original source (Ci/Co) is given by:
1

ﬂ:i:l(l_(l_i)"l) (5)

Co Cmw F Dhy1

For melting past Fout, C/Co is given by:

L CFout L
ﬂ — @ L 1-— (1 _ PlFout)Pl + 1-— @ Cmw 1— (1 _ PZ(Ftotal_Fout))P2
Co F \ Fout Dhy1 F | (Ftotal—Fout) Dhy2

1
(11), where TFout ;<<1 - @)Pl) is the residue/original source ratio at F
Cmw 1-Fout Dhyl

= Fout. (modified Eq. 7)
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Finally, the concentration of each REE is determined by multiplying C/Co by the
concentration in the modified mantle source of 180232. This creates the melting
curve for 180232, anchored at its mantle source (Supplementary Data 11).

The lambdas also function in this case as petrogenetic process vectors (e.g.,
refs. 16, 57) describing the change in average REE slope and curvature between
the REE patterns of the source and melt; holding source mineralogy and melt
reactions constant, varying the source’s A1-A2 values will not change the shape of
the melting curve, merely changing the anchor point of the curve to the new
source’s Ai-A2 values'®. Therefore, the same melting curve for the modified
mantle source can be used to constrain the proportion and amount of depletion of
the URH component in the first-stage mantle source that could account for the
concave-up REE patterns in the boninites. Except for Dy, Er, Yb, and Lu, the re-
enrichment step dominates the budget of all other REEs considered here and is
therefore largely independent of these URH parameters. Thus, if we hold the
amount of re-enrichment constant, the offsets in A1-A2 between sources that
contained variable amounts of URH component produced by variable degrees of
depletion should be the same for both the unmodified and modified mantle
wedge sources, simply requiring translation from the A1-A2 value of the
unmodified mantle source to the corresponding A1-A2 of the modified mantle
source. This component is calculated using the same methods as for the pre-
dripduction mantle wedge (Section 1.4.). For example, in Fig. 4b, we varied the
proportion of the URH component between 70 and 82 wt.% and the degree of
melting to produce URH between 33.5-36.5%.

The A1 and A2 values for the modified mantle source of each lithology can then be
determined by calculating the offset between the unmodified mantle source of
180232 and the source in question and then applying this offset to the modified
mantle source of 180232. To create enrichment trends, the enrichment factors for
REE in 180232 are scaled to different percentages of enrichment on La, thereby
maintaining REE patterns and element ratios. In Fig. 4b, we scaled the REEs to
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between 86.25 and 92.50% re-enrichment contribution on La (180232 is 86.57%)
and translated the points accordingly.

The curves for melting of modified hybrid mantle sources containing a variable
proportion of the URH component, produced by variable degrees of depletion,
were created using the same melting reactions as discussed above in Section
1.3. for the generation of boninitic magmas, with the phase proportions calculated
in MAGEMin at 1.70 GPa and 1,075°C using the major element compositions of
the variable URH-ambient upper mantle admixtures.

1.9. Alternative boninite model

In addition to the main model of boninite generation presented in Figures 4c and
5b, we present an alternative model in Supplementary Figure 8 to illustrate the
viability of alternative petrogeneses for the Whundo boninites. Below, we
describe the alternative model and its differences with the main model. This is

also summarized in Supplementary Data 3.
1.9.1. Trace element modelling (Supplementary Figure 8a)

The modified mantle wedge modelling for the alternative boninite model was
conducted using the same equations and melting reactions as the main boninite
model. However, we used a slightly different mineralogy (61.152% olivine, 2.74%
clinopyroxene, 32.438% orthopyroxene, 1.666% spinel and 2% retained melt;
informed by thermodynamic modelling), on account of the different chemical
composition of the mantle source informed by the mantle depletion modelling.
We also use a slightly lower degree of melting to generate the boninites (17.5%),
as this minimizes the root mean square of the log ratios of HREE abundances in
the unmodified and modified wedge compositions.

The pre-dripduction mantle wedge composition modelling in the alternative model
uses the same starting composition and melt connectivity threshold as the main
model. Unlike the main boninite model, where we consider a melt-bearing
harzburgitic residue produced along a 1,605°C Tp adiabat, for the alternative
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model, we calculated the trace element composition for melt-free, ultra-refractory
solid harzburgitic residue produced along a 1,610°C Te adiabat. Here, melting
begins at ~6.3 GPa with the primitive mantle source undergoing an F of 34.2%.

Unlike the main boninite model, which considers admixing of ambient upper
mantle to a melt-bearing harzburgite residue to produce a hybrid mantle source,
the alternative boninite model considers metasomatism of the melt-free, ultra-
refractory harzburgitic solids by a small amount of primary tholeiitic melt. Here,
we added 3.9 wt.% of the primary tholeiitic melt (the fractional crystallization-
corrected composition of 174474) to the trace element composition of the
refractory harzburgitic solid. This combination of Tp, depletion and melt addition

parameters yielded the best fit to the modified boninitic mantle wedge.
1.9.2. T-X pseudosection (Supplementary Figure 8b)

The alternative boninite model T-X pseudosection uses all but one of the same
parameters as those of the main boninite model; it also involves water addition to
a clinopyroxene-poor spinel harzburgite at 1.7 GPa. Here, we used the major
element composition of a mixture of 3.9 wt.% primary tholeiitic melt with 96.1 wt.
ultra-refractory harzburgitic solids (URH)-20% ambient upper mantle (AUM)
hybrid source (the unmodified boninite mantle wedge composition) as the bulk
input composition. We used the same constraints imposed by the fractionated P-

T software as for the main model.
1.10. Modelling uncertainties

We refer the reader to refs. 38, 39, and 42 for discussions related to the general
uncertainties associated with the modelling software and its underlying
thermodynamic datasets. Below, we discuss the uncertainties that are directly

resultant from our modelling approach.

The largest source of error in our modelling approach is associated with the
second-stage melting step (i.e., the melting event that produces the tholeiitic,

calc-alkaline and boninitic magmas from their respective mantle sources) used to
18
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calculate the modified mantle sources. While some amount of uncertainty may
arise due to i) the limited number of studies on partition coefficients and melting
reactions during hydrous melting of the mantle; ii) static partition coefficients and
melting reactions; and iii) having to choose a degree of melting for each sample
used for modelling, we have made our best efforts to choose appropriate degrees
of melting, partition coefficients and melting reactions based on previous studies.
An additional constraint on the degree of melting is that the HREE concentrations
of the magmas’ mantle sources must be lower than the primitive mantle, given
the assumptions of HREE immobility and mantle depletion discussed above.
Thermodynamic phase equilibrium modelling software cannot currently perform
inverse melting modelling, such that there is no straightforward way to determine
variable partition coefficients and melting reactions. However, the continued use
of partial melting equations, more than 50 years after their initial
development?”:28.56 is a testament to their robustness and suitability for this
study.

Although thermodynamic modelling software are currently unable to perform
inverse modelling of mantle sources, they can be used for forward modelling of
mantle melting. Our approach for calculating the trace element compositions of
the unmodified mantle sources, employing thermodynamic modelling of melting
along a mantle potential temperature adiabat to inform the phase relationships
and calculate variable mineral-melt partition coefficients used as inputs in the
partial melting equations, provides a much more realistic method of simulating
mantle depletion than can be done with static melting reactions and partition

coefficients.

The software and underlying a-x models and datasets used here have been
shown to have the greatest amount of agreement of any thermodynamic
modelling method with the results of experimental petrology studies for melting of
the upper mantle*®. The igneous thermodynamic dataset ds636/G25 is applicable
to pressures of up to 7 GPa and has been shown to largely retain its fidelity to the
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experimental results of mantle melting at 6 GPa®%8. Therefore, it is suitable for use
in our stage 1 mantle depletion step, which involves pressures of up to 6.3 GPa.

Finally, several considerations must be taken into account with respect to the
hydrous mantle melting modelling employed in Figure 5 and Supplementary
Figure 8b. Firstly, unlike other thermodynamic models (i.e., pHMELTS5; note
alphaMELTS is not used because it cannot create T-X pseudosections), the
ds636/G25 x-eos cannot store water in nominally anhydrous minerals. As
discussed in the main text, H20 storage in nominally anhydrous minerals can be
on the order of several hundred ppm®26', so the mantle H20 contents presented
here should be considered minimum estimates. Second, modelling of hydrous
melting in the ds636/G25 x-eos applies to pressures of up to 2 GPa; our use
cases are well within this range. Third, there remains substantial uncertainty
regarding the position of the H20-saturated solidus in P-T-X space as highlighted
by experimental studies, even on the scale of a single bulk composition (i.e.,
refs. 60, 61 vs. 62, 63; 58); the position of the H2O-saturated solidus for HZ1 in
P-T space calculated using MAGEMin with the ds636/G25 x-eos falls within this
uncertainty (Supplementary Fig. 11) and is reasonably in agreement with
experimental studies at the pressures of interest.
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2. Supplementary Figures

Basalt SHMB
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Eoarchean localities Lithologies
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Supplementary Figure 1. Minimal existence of Eoarchean boninites. Most
samples referred to in the literature as “boninite” from locales older than the
Whundo Group (3.12 Ga) are either not true boninites or are too altered to
determine their affinity conclusively; the remaining truly boninitic samples are
restricted in number, plot only marginally within the low-Si boninite (LSB) field,
and deviate from the typical evolutionary path of boninitic suites (see ref. 14). (a)
MFW (mafic-felsic-weathering) ternary diagram (6) illustrating that many samples
described as “boninitic” have experienced significant weathering and/or alteration
and thus cannot be conclusively identified as boninites. (b) the remaining non-
cumulate samples, plotted on the MgO-SiO2 and Tis-Sis boninite classification
scheme diagrams'* are, for the most part, not true boninites. Although all of the
samples described as “boninitic” from the Ukaliq Supracrustal Belt®465 are basalts
and siliceous high-Mg basalts (SHMB), a few true low-Si boninites exist from the
middle unit of the nearby, coeval Nuvvuagittuq Greenstone Belt (n = 5; ref. 66).
However, these are restricted to a single, <200 m-thick package and are

subordinate to low-Ti basalts (LOTI). Similarly, most samples described as
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“poninitic” from the Garbenschiefer unit of the Isua Supracrustal Belt”-"" are
LOTI, except for two samples. Abbreviations: BADR — basalt-andesite-dacite-
rhyolite, HMA — high-Mg andesite, HSB — high-Si boninite, KB — komatiitic basalt.
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Supplementary Figure 2. Whundo Group primitive lavas retain their primary

magmatic compositions. (a) chlorite-carbonate-pyrite index (CCPI;
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574  100[FeO+MgO]/[FeO+MgO+Na20+K20]) vs. Ishikawa alteration index (Al

575  100[MgO+K20])/[MgO+K20+CaO+Na20]) diagram (after ref. 3). Except for three
576  tholeiitic samples, the Whundo primitive lavas plot within their respective fields for
577  unaltered modern arc lavas ((determined using 2o values for boninites [n = 191],
578 basalts [n = 3,930], basaltic andesites [n = 5,322], and andesites [n = 4,081],

579  compiled from the GeoRoc* and EarthChem Portal® databases). Therefore,

580 metamorphic redistribution of elements is insignificant. (b) MFW (mafic-felsic-
581  weathering) ternary diagram® illustrating that the primitive lavas plot within the
582  unweathered igneous array and have not experienced weathering-related

583 alteration. (c) The Rb-Nb systematics of the primitive lavas are well within range
584  of those observed in unaltered modern arc lavas spanning the MgO content

585 observed in Whundo primitive lavas (data compiled from GeoRoc* and

586  EarthChem Portal® databases). (d) Rb shows no correlation with loss-on-ignition
587  (LOI). The Cs (e) and Ba (f) -Nb systematics of the primitive lavas are also well
588  within range of those observed in unaltered modern arc lavas. Taken together,
589  (c-f) demonstrate that the primitive lavas of the Whundo Group retain their

590 magmatic large-ion lithophile (LILE) concentrations and can therefore be used to
591  evaluate petrogenesis.

592
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Supplementary Figure 3. Petrographic evidence for preserved igneous
textures in Whundo Group lavas. Plane-polarized (PPL; a) and cross-polarized
(XPL; b) transmitted light photomicrographs of calc-alkaline basalt sample
201668 displaying medium-grained acicular orthopyroxene (now altered to
chlorite) and subhedral clinopyroxene phenocrysts. PPL (c) and XPL (d)
photomicrographs of high-Si boninite sample 201633, consisting of fine-grained
acicular orthopyroxene set in a groundmass of microcrystalline to very fine-
grained clinopyroxene microlites and glass; this is very similar to modern high-Si
boninites (e.g., ref. 72). XPL (e) photomicrograph of intergranular-textured high-
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Mg basaltic andesite (HMBA) sample 174489, consisting of fine-grained

subhedral to euhedral clinopyroxene and fine-grained sericite-dusted plagioclase

laths. XPL (f) photomicrograph of high-Mg andesite (HMA) sample 174491,

displaying very fine-grained plagioclase microphenocrysts set in a groundmass of

plagioclase microlites. Sample 174489 and 174491 are from ref. 1.
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Supplementary Figure 4. Classification scheme for Whundo Group lavas. (a)

Th/Yb-Zr/Y magmatic affinity diagram'” used to distinguish calc-alkaline and
tholeiitic samples. Inset: Zr/Ti-Nb/Y diagram™® used to classify non-boninitic
samples with greater than 2% loss on ignition (LOI). (b) A2-Ti/V diagram
distinguishes hybrid basalts and boninites. Refer to the methods for further

details. Abbreviations: LoTi — low-Ti basalt.
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Supplementary Figure 5. Major element compositions of Whundo Group
lavas with MgO as abscissa. (a) SiO2, (b) Al20s, (c) total Fe as Fe20s3, (d) CaO,

(e) P20s, (f) TiOx2.
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Supplementary Figure 6. Trace element patterns of primitive Whundo Group
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fields indicate the range of each magmatic series.
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Supplementary Figure 7. Contamination of primitive lavas by felsic crust is
irreconcilable with differentiation trends. Differentiation of magmatic series
towards lower Mg# is not accompanied by a sharp, systematic increase in La/Sm
(a) or decrease in Nb/Nb* (Nbpm/N[Them x Lapm]; PM denoting normalization to
primitive mantle; ref. 48) for the boninitic, calc-alkaline or hybrid lavas, but rather
remains consistently variable. Given the difference in Nb/Nb* of ~0.3 between the
tholeiitic basalts and felsic lavas, significant crustal contamination by the felsic
lavas would be detectable if this explained the origin of the calc-alkaline basalts.
However, the lack of arrays between the tholeiitic and calc-alkaline basalts in
these contamination-sensitive proxies points to the contrary. In fact, the variability
in Nb/Nb* and La/Sm with Mg# observed in the calc-alkaline basalts is more
consistent with source enrichment heterogeneity. >3.18 Ga Ancestral Pilbara
Block (APB) crust and Whundo felsic lava fields are calculated from refs. 73 and

1, respectively. Symbols as for Supplementary Figs. 4-6.
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Supplementary Figure 8. Petrogenetic processes evidenced by Whundo
primitive lavas. Plots of K20 vs K20/Na20 (a) and Yb vs Zr (b) after ref. 18,
differentiating between melt- vs fluid-dominated slab inputs. The high K2O/Naz20
and low Zr of the boninites and most calc-alkaline basalts indicate that slab fluids
comprise the dominant slab component added to the source of these lavas. The
negative covariations observed in Cs/La-Gd/Ho (c) space for the boninitic and
calc-alkaline samples are consistent with fluid-fluxed melting. On the other hand,
the tholeiitic samples do not exhibit these covariations, suggesting that flux
melting did not play a significant role in their petrogenesis. Dy/Dy* (dysprosium
anomaly: Dyn/[Lan*'3+ Ybn®'3]; ref. 74)-Dy/Ybn-Ti/Ti* (titanium anomaly:
Tin/[0.5*{Smn+Gdn}+{Tbn/2}]) (d) systematics of primitive lavas with fractionation
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and enrichment vectors. The green arrow illustrates the trend for boninitic-calc-
alkaline hybrid samples originating from I-boninites. Symbols as for
Supplementary Figs. 4-7.
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Supplementary Figure 9. An alternative model for the formation of Whundo
boninitic lavas. (a) In addition to the model presented in the Main Text, two-
stage melt modelling can also reproduce the trace element patterns of I-boninite
sample 180232 by first generating a melt-free refractory harzburgitic solid
through high-degree melting (past garnet exhaustion) of primitive mantle along a
1,610°C Tp adiabat, and then subjecting the harzburgitic solid to metasomatism
by 3.89 wt.% primitive tholeiitic melt. This melt-metasomatized source then
undergoes modification and melting, producing I-boninites. The need for
additional re-enrichment by a component other than a primary tholeiitic melt
contributions to the modified mantle wedge source of the boninites also rules out
a purely melt-enrichment scenario. (b) Similar to the main model, the alternative
model requires the addition of at least between 0.74 and 1.46 wt.% H20 to
produce a 18% flux melt of clinopyroxene-poor spinel harzburgite at 1.70 GPa.
Modelling details are provided in the Methods, Supplementary Methods,
Supplementary Figs. 10-11, and Supplementary Data 3 and 6.
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Supplementary Figure 10. Analytical and trace element modelling workflow.

See Methods and Supplementary Methods for discussion. Tp denotes mantle

potential temperature.
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Supplementary Figure 12. Comparison of the H20-saturated solidus as
calculated in MAGEMin with the results of experimental studies and other
thermodynamic and empirical models. There remains substantial debate
regarding the position of the H20-saturated solidus in P-T-X space, even on the
scale of a single bulk composition, as evidenced by the differences between the
results of the experimental studies of HZ1 from Grove et al. (GV06+°), Till et al.
(TG12%) vs Green et al. (GR108°, GR14%") and KLB1 from Wang et al. (W207%)
vs Kawamoto and Holloway (KH9776). These discrepancies are also evident in

thermodynamic and empirical models (e.g., Katz et al.”” vs pHMELTS®® vs
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lwamori’®), which appear to be magnified towards higher pressures. However,
the MAGEMin-calculated H20-saturated solidus for HZ1 closely resembles the
majority of experimentally-determined H20-saturated solidi, with similar
temperatures at the pressures of interest for this study. Also shown are the
anhydrous solidi for HZ1 and MPY7® calculated in MAGEMin, KR4003 calculated
in pMELTS and anhydrous Iherzolite from Walter and Cottrell (WC25%). pMELTS
and pHMELTS models for KR4003 are from ref. 58 using the alphaMELTS
software®. H20-saturated solidi GR73 and M74 are from refs. 80 and 81,

respectively.
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3. Sl Text
3.1. The Pilbara Craton, Sholl Terrane and Whundo Group

The 3.59-2.83 Ga Pilbara Craton of Western Australia contains some of the
oldest well-preserved successions of mafic-ultramafic-felsic volcanic and
subordinate sedimentary rocks on Earth®. Only one-sixth of the cratonic
basement, predominantly in the north, is exposed; the remainder is buried
underneath Neoarchean volcanics and Paleoproterozoic basin infill. The exposed
portion of the craton consists of seven distinct lithotectonic blocks: the East
Pilbara Terrane (EPT), the Karratha, Regal, and Sholl terranes, collectively
referred to as the West Pilbara Superterrane (WPS), the Central Pilbara Tectonic
Zone (CPTZ), and the Kurrana Terrane (Fig. 1a). The East Pilbara, Kurrana and
Karratha terranes form the remnants of an Eoarchean®? nucleic mafic plateau
known as the Ancestral Pilbara Block (APB; ref. 73) typified by a characteristic
dome-and-keel geometry of ovoid, largely tonalite-trondhjemite-granodiorite
(TTG) series affinity plutons are encircled by narrow, steeply dipping 3.53-3.23
Ga greenstone belts®2. These components were generated in concert during
several volcano-plutonic magmatic pulses of tholeiitic affinity triggered by multiple
instances of chondritic mantle upwellings beneath a hybrid mafic-felsic

substrate8485,

The breakup of the APB during the 3.22-3.15 Ga East Pilbara Terrane Rifting
Event split the plateau into its respective crustal block components, separating
the Karratha Terrane from the East Pilbara Terrane by a zone of thin, juvenile
mafic-ultramafic crust comprising the Central Pilbara Tectonic Zone and Regal
Terrane® referred to as the “Regal Basin” by ref. 87. The lack of geochemical
evidence for Paleoarchean basement underlying these lithotectonic blocks is
inconsistent with their formation in a mafic plateau-like setting as part of the
APB'"7387 suggesting that they may be examples of Archean crust that is rarely
preserved in Paleo-Mesoarchean cratons. This juvenile crust forms the basement

of the 3.13-3.10 Ga Sholl Terrane, comprising the 10 km-thick volcanic
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succession of the Whundo Group and the coeval (ultra)mafic-felsic intrusives of
the Railway Supersuite and Bullock Hide Intrusion'®” (Fig. 1a). The terrane is
separated to the north from the Karratha Terrane by the 1 km-wide Sholl Shear
Zone and is unconformably overlain to the south by the Neoarchean Fortescue
Group Large Igneous Province (LIP) (Fig. 1a). Although the exposed portion of
the Sholl Terrane is relatively small, geophysical evidence®” suggests that a
much larger portion (>50 km width) is buried beneath the Fortescue LIP.

The Whundo Group is formally divided (from top to bottom) into the Nallana,
Tozer, Bradley Basalt and Woodbrook formations, but can also be geochemically
divided into three volcanic cycles over 18 units (Fig. 1b). The Maitland Shear
Zone forms the basal contact of the group, which was initially a low-angle thrust
fault over the Railway Supersuite. The first cycle consists of alternating boninitic
and calc-alkaline units locally interspersed by rhyolitic lavas and cryptodomes.
The second cycle consists of a lower tholeiitic unit overlain by a boninite unit, in
turn, overlain by a unit of intercalated tholeiitic and calc-alkaline lavas and
capped by a felsic pyroclastic-dominant unit. The upper cycle consists of
alternating units of boninite and tholeiite at its base, overlain by alternating calc-
alkaline and adakitic units, and capped by an Nb-enriched basalt unit. The
succession is metamorphosed chiefly to lower greenschist facies, and there is
remarkable widespread preservation of large- and small-scale depositional
features, such as hyaloclastites, pillows, varioles, vesicles, and scoria (Fig. 1c-e).
Deformation is relatively minor, and there is no structural repetition of units”.
Based on Nd isotopic signatures (indicating a maximum depleted mantle age of
3.25 Ga for the oldest crust of the terrane), the presence of interlayered calc-
alkaline, boninitic and tholeiitic rocks, low Ce/Yb and Th/La, a lack of evidence for
a felsic basement, and its juxtaposition with terranes of exotic affinities, ref. 1

proposed an oceanic arc setting for the Whundo Group.
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