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Supplemental data 1. pXRF analysis of rocks from the Miomaffo massif

Conventional Xray fluorescence (XRF) analysis is an accepted technique for the acquisition of accurate and
precise lithogeochemical data from bulk samples. However, this and other laboratory-based methods, suffer
from high analytical costs. Portable X-ray fluorescence (pXRF) analysers can rapidly and inexpensively
provide chemical concentrations of a range of geologically significant elements, often with instrument
detection limits below 100 ppm (Ryan et al., 2017).

pXRF analysis was used to assess the chemical composition of the two hundred samples collected in this
study (171 from the Mutis Complex). An Olympus Vanta instrument equipped with a rhodium (Rd) X-ray tube
anode was used. Analyses were performed in “geochemistry” mode using two beams (40 keV and 10 keV)
with 30 seconds of analysis time per beam, Calibration of the equipment was performed using a suite of
standard reference materials before, during and after the analyses to correct the data (for each element) as
recommended by Fisher et al. (2014). The “geochemistry” mode was selected as most suitable for fast
screening across a wide range of elements (Lemiére 2018). The pXRF method has been used in various
geological environments to provide reconnaissance level bulk compositions (eg. Gazley et al., 2011; Jones
et al., 2005; McNulty et al., 2018). The analyses are shown in Table 1.

In this study, the analyses were measured on flat surfaces on the samples and carry increased error
associated with the small sample size (McNulty et al., 2018). However, most of the rocks are fine grained
and the analyses show only moderate dispersion due to sampling error. For example, if we consider the
metabasalts in the Mutis Complex, we can compare the high quality conventional XRF analyses to the pXRF
of the same samples (Figure 1). The pXRF analyses from these samples show good correlation with the
more precise conventional XRF values.
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Figure 1. Comparison of pXRF estimates of basaltic
compositions with the same sample measured using conventional XRF techniques (Supplemental data 1) for TiO2 and
Zr.

All the metabasalts in the Mutis Complex have immobile element compositions typical of tholeiites. More
accurate analysis of the metabasalt compositions is included in Supplemental data 2. The other Mutis
Complex rocks are interpreted here as volcaniclastic to epiclastic in origin. The rocks have low SiO2 and high
TiO2, FeO, MgO and CaO. The samples from the central and east sector plot in the Fe sand and Fe shale
domain of Figure 2. The samples from the western sector are lower in FeO. No compositions typical for
pelitic compositions were found. Excluding the siliceous rocks, the samples have too much FeO (average
10%), MgO (average 8%), and CaO (average 7%), and too low a K20 (average 0.8%) for typical pelitic rocks
(Figure 4).

On a plot of Zr versus SiO2 (Figure 3) most of the sedimentary rocks have SiO typical of basalt. Eight
samples have increasing SiO2 at lower Zr reflecting addition of biogenic silica. Three samples have high
calcite shown on Figure 3 as a dilution trend towards limestone. There is very little evidence of sorting which
should shift the composition to higher SiO2 and Zr. All these rocks have an unusual mafic composition
compared to average sedimentary compositions (cf. Taylor & McLennan, 1985).
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Figure 2. Composition of metasedimentary rocks of the Mutis Complex showing the classification suggested by Herron
(1988).
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Figure 3. Composition of eastern zone sedimentary rocks showing compositional trends towards siliceous argillite and
marl. Analyses are by pXRF.


https://doi.org/10.1080/08120099.2023.2290702

Berry et al. (2024). Supplemental data files
Australian Journal of Earth Sciences, 71(2), https://doi.org/10.1080/08120099.2023.2290702

The average composition of the Mutis Complex volcaniclastic rocks from the eastern and central sector of
the Miomaffo massif are very similar to the mafic sands of Colorado and Oregon reported by van de Kamp
and Leake (1985). Based of trace elements (Figure 4) these rocks were derived from MORB basalt similar in
composition to the blocks of metabasalt in the area (Supplemental data 2). Larue and Sampayo (1990)
concluded that sediments of this composition form on oceanic seamounts, rises and plateaus far from

continental sources.
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Figure 4. Composition of metasedimentary rocks by pXRF. (metabasic rocks shown in open circles for comparison).
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In the western section of the Miomaffo massif, some of the garnet gneiss samples have relict volcaniclastic
texture. The western sector rocks are also higher in SiO2 and K20 (Figure 4) than the eastern and central
sectors. The western sector rocks have immobile trace elements typical of andesites with island arc
chemistry (Figure 4). The composition of the garnet gneiss indicates the western sector rocks have a
different provenance from the eastern and central sections, but the detrital zircon U/Pb results (Supplemental
data 4) shows they have a very similar age of deposition. There was no evidence of older zircons typical of a
continental provenance. They were probably deposited closer to an island arc than the central and eastern
sector rocks, and these various lithologies have been juxtaposed in the accretionary prism south of
Sundaland. The metamorphic history (Supplemental data 3, 5, 6) demonstrates the final assembly of the
Miomaffo massif was after 37 Ma.
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Supplemental data 2. Whole-rock geochemical analyses of basalts and

dykes, Miomaffo

Nineteen mafic rocks were analysed for major and trace elements by XRF and ICP-MS at the University of
Tasmania (Table 1). The samples include six samples of metabasic rocks from large fault blocks, six
samples of metabasic rocks from smaller blocks in the melange, three samples of amphibolite from the
Western zone of Eocene metamorphism (Supplemental data 3, 6) and four dykes that crosscut the Eastern
(melange) section of the Mutis Complex.

Methods

Rock samples were prepared for analysis by firstly removing weathered surfaces by hammer and splitter,
followed by coarse crushing in a steel jaw crusher. A 50—80 g aliquot of this material was then ground in a
tungsten-carbide swing mill.

XRF methods

Major and some trace element analyses were obtained using an automated Philips PW1410 X-ray
fluorescence spectrometer. Major elements were measured from glass discs prepared with 1.50 g lithium
borate flux, 0.02 g lithium nitrate and 0.28 g sample powder (Norrish & Hutton, 1969). Trace elements were
measured from pressed powder pills backed by boric acid. Mass absorption coefficients were calculated
from the major element composition. Loss-on-ignition was determined by heating 1 g of sample powder to
1000 °C for 12 hours. The analytical precision was 1% relative above 10% absolute and 2% relative for 1-9
% absolute. Zr was measured at 2% relative error above 100 ppm.

Trace elements were measured by ICP-MS methods. The elements analysed were: Li, Be, Sc, Ti, V, Cr, Mn,
Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sn, Sb, Te, Cs, Ba, REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu), Hf, Ta, Tl, Pb, Bi, Th and U. As, Ag and Te were below detection in almost all samples and

are not reported. Zr was checked against the XRF result. One sample showed evidence of incomplete zircon
dissolution, and this sample was discarded leaving the 19 samples reported here.

Low blank reagents were used for dissolution. All concentrated acids used were Seastar BASELINE high
purity grade (Seastar Chemicals Inc, USA). All water used was Type-I Milli-Q ultra-pure water (Merk
Millipore). A HF—H2SO4 High Pressure Digestion Method was applied for complete dissolution of refractory
minerals (zircon, chromite, monazite, etc.) (Yu, 2000). The heating was performed in a PicoTrace-GmbH
(Germany) high pressure acid digestion system.

Samples were digested in acids at high pressure and temperature. 3 mL HF and 3 mL H2SO4 was added to
100.000 £ 0.005 mg of powdered sample in 25 mL PTFE vessels and heated under pressure at 180°C for 24
hours. The acid was then evaporated, to insipient dryness. To remove all trace HF and H2SO4, HCIO4 was
added and again evaporated to insipient dryness. The final residue was dissolved in 2 mL HNOs and 5 mL
water, by heating to ~70 °C overnight. Samples were then spiked with 10ppb Rh, In and Re as the internal
standards and diluted to 100.0 mL (1000 times dilution). The final solutions in an acid matrix of 2% HNO3
were analysed on an Agilent 7700x ICP-MS within 24 hours of dilution. Digestion method blanks and
standard referenced materials (SRM) were processed and analysed alongside samples.

Mass-spectral data were collected as counts per second using Mass Hunter (Agilent®) software and reduced
through home-developed EXCEL (Microsoft Corporation®) spread sheet. Mid-curve concentration solution
and reagent blanks were used to evaluate contamination, precision and accuracy of the analysis. Raw data
were corrected by blank contribution, isobaric interferences, and mass drift. Quantification was performed
against multi-elemental standard solutions from CHOICE Analytical® and corrected by linear regression on
the analysed SRM (TASBAS, TASGRAN and AGV-2).

Results

The 19 samples are from four groups of samples. The six analyses of small basaltic blocks in melange are
interpreted as Mesozoic meta-basalts (Table 1) based on field relationships. The six samples of metabasalt
(Table 1) from one large basaltic fault block (Figure 1) have similar textures and metamorphic grade to the
blocks in melange. Zircon in a pegmatitic patch from this zone indicate a Lower Jurassic crystallisation age
(Supplemental data 4). The three amphibolite samples (Table 1) from the western sector are older than the
Eocene metamorphism and are probably also Jurassic in age (Supplemental data 3, 4). The four andesitic
dykes (Table 1) that crosscut the melange in the eastern sector are younger than 180 Ma (Supplemental
data 3) and probably Eocene in age (Harris, 2006).
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Figure 1. Location of igneous samples. Red symbol for metabasic rocks and blue for andesitic dykes.

Considering only the older mafic rocks (excluding the dykes), all samples have basaltic composition (46-52
wt% SiO2). The amphibolites have lower SiO2, more FeO and lower MgO perhaps reflecting a tholeiitic Fe
enrichment trend. The more metamorphosed mafic rocks have a flat REE pattern unlike the LREE depleted
patterns in most of the other mafic rocks. All the samples plot in the sub-alkaline basalt field of Pearce (1996,
figure 2). In most trace-element-classification diagrams they plot in the N-MORB field (e.g., Pearce, 2014,
figure 4; Wood, 1980, figure 3). We concluded these are examples of off-scraped ocean floor basalts, formed
either at mid-ocean ridge or a backarc spreading centre, collected in an accretionary prism on the southern

margin of Sundaland in the Mesozoic.


https://doi.org/10.1080/08120099.2023.2290702

Berry et al. (2024). Supplemental data files
Australian Journal of Earth Sciences, 71(2), https://doi.org/10.1080/08120099.2023.2290702

1]
] alkali
rhyolite phonolite
rhyolite
dacite
trachyte
0.1 / tephriphonolite
] trachy
] andesite
] . foidite
Zr/Ti ar\d:zx\o pasdt | |
. a0
i @ Late dykes
0.01; P& ® Eocene
® alkali amphibolite
basalt Amphibolite
basalt blocks
® Metabasalt
0.01 0.1  Nb/Y 1 10 100

Figure 2. Meta-igneous rocks of the Mutis Complex plotted on the Zr/Ti versus Nb/Y diagram of Pearce (1996).
“Amphibolite blocks” includes both greenschist and amphibolite facies blocks in the Eastern sector.
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The four dykes in the eastern melange complex are basaltic andesite to andesite in composition (54—60 wt%
SiO2). The dykes are chemically evolved, as shown by their intermediate SiO2 contents and low MgO, Ni and
Cr abundances (Table 1). They also contain moderately high amounts of TiO2 and Zr. Their K20, Rb and Sr
contents are highly variable and their Na2O concentrations unusually high. These elements have probably
been affected by alteration. The REE show a small LREE enrichment trend and a small negative Eu
anomaly. In trace element terms the dykes straddle the basalt to basaltic andesite field (Figure 2). They all
fall in the arc basalt field of the Th—Hf—Ta diagram (Wood, 1980, figure 3). Chemically they lie in the
ambiguous area between continental and oceanic arcs on the Th/Yb vs Nb/Yb field of Pearce (2014, figure
4),

Comparison with Lolotoi suite in East Timor

Park et al. (2014) reported a suite of tholeiitic basalt and andesites in the Lolotoi Complex at Forohem, 100
km east of Miomaffo. The Forohem basaltic suite is very similar in composition to the mafic rocks at
Miomaffo. They also mainly plot in the N-MORB field for tholeiitic basalts. The andesitic rocks from Forohem
are calc-alkaline and Jurassic in age. No correlates for these andesites were analysed from Miomaffo.

Comparison with Sumba

Lytwyn et al. (2001) reported the geochemical composition from the Tanadaro volcanic and plutonic suite (ca
60 Ma) and the Jawila Volcanics (ca 40 Ma). These rocks are from 400 km west of Miomaffo and represent
examples of igneous rocks from the forearc south of the Banda Arc. The volcanic rocks on Sumba range
from basalts to andesites, and are of typical oceanic island-arc affinity, and generally have medium K calc
alkaline compositions. They are unlike the low K tholeiitic series compositions of the Miomaffo dykes.

Discussion

The three suites of metabasalts all have very similar compositions. The large southern fault block may be a
larger block in the melange but is grouped here with the Central Sector high strain zone that continues to the
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west. This block is Lower Jurassic in age (Supplemental data 4). The smaller blocks in the melange are
inferred to also be Mesozoic in age. The detrital zircon inheritance of metasedimentary rocks in the western
metamorphic zone also support an early Mesozoic crystallisation age for the metabasalts and amphibolites.
On the present information all these rocks could be examples of off-scraped oceanic crust incorporated into
an accretionary complex south of Sundaland in the Mesozoic. The dykes are probably Eocene in age
(Harris, 2006). Based on this interpretation the absence of dykes from the western metamorphic zone can be
interpreted in two ways. The dykes may be slightly older than the preferred age, older than 38 Ma, and thus
cannot be recognised after the high strain and medium grade metamorphism in this area, or, if the dykes are
younger than 35 Ma, these two blocks were well separated at the time of the intrusions, and only juxtaposed
after the andesitic dykes formed.
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Supplemental data 3. Unpublished K/Ar and Ar/Ar data of the Mutis

Complex, Miomaffo
Data generated by R. F Berry and I. McDougall (RSES)

Hornblende from four amphibolite samples from the Mutis Complex, Miomaffo were analysed at RSES, ANU
in 1984. These included three examples of amphibolite from the western sector and one example of an
amphibolite block in the eastern melange (Figure 1).

12420 e Eastern section

Melange: dykes
shown in red

Metabasalt

63565 /.

Central section

Central sector

63564 Grey and black

phyllite

Chloritic phyllite
Western Sector Western section

Garnet gneiss

Amphibclite

9°32'S

Late Fault
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Haulesi Formation

. | Dykes shown in red
Grey limestone
and chert

Hoil Niti

Figure 1. Location of amphibolite samples use for K/Ar and Ar/Ar age dating.

Mineral separates of hornblende were obtained by heavy liquid and magnetic separator techniques. The
separates were better than 97% pure. The hornblende separates typically contain 1% plagioclase, 1%
sphene and 0.5% ilmenite as inclusions and in composite grains. All samples were separated at particle
sizes between 0.25 and 0.12 mm. These samples were subjected to conventional K—Ar dating and three of
the samples were analysed by “°Ar/**Ar analysis (Merrihue & Turner, 1966). Standard analytical techniques
were used, as described by Walker and McDougall (1982). All samples for °Ar/*°Ar dating were irradiated for
120 hr in the X33 facility of the Australian Atomic Energy Commission HIFAR@ reactor at Lucas Heights,
N.S.W. All K/Ar and Ar/Ar analyses were carried out at RSES.

During Ar extraction, sample temperatures were monitored by a Pt—PtRd,,% thermocouple and an optical
pyrometer. The temperatures quoted in Table 2 are precise to £ 10°C within a single run and + 20°C
between samples. The temperature quoted is derived from an average of the two monitored temperatures
over the range where they are both accurate (700-950°C), with extrapolations to higher and lower
temperatures being made using the thermocouple. The accuracy of these temperatures is £ 50°C. The Ar
isotopic analyses for K/Ar dating were done in an AEI@ MS10 mass spectrometer. The isotopic composition
of Ar extracted in each step in the °Ar/*°Ar study was measured using a VG-Isotopes@ MM1206 mass
spectrometer.

Three samples (63555, 63564, 63567) of the Western Sector have a consistent K/Ar age near 40 Ma. Two of
these samples were also analysed by °Ar/*°Ar methods (Table 1). These samples have poor plateau ages
of 36 Ma and 38 Ma (Figure 2). Since the age spectra of both samples show a slight saddle shape the
inverse concordia ages of 35.7 + 1.1 Ma and 37.1 + 0.4 Ma are preferred here. These ages are very similar
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to metamorphic ages recorded from other Mutis Complex blocks ranging from 38-31 Ma (Harris, 2006). The
U—Pb apatite age for the western sector (Supplemental data 6) is consistent with the Ar/Ar age dating of this
block and other medium to high grade metamorphic blocks in West Timor. However, all the West Timor
metamorphic blocks have hornblende Ar ages younger than the 45 Ma. Lu—Hf garnet age reported for the
Lolotoi Complex, East Timor (Standley & Harris, 2009).

One sample of a metamorphic block from the eastern melange (63565) has a K/Ar age of 177 Ma (Table 3).
The “°Ar/*°*Ar analysis of this sample was compromised as a one heating step was lost. The “°Ar/3°Ar total
fusion age of 174.5 + 2.6 Ma and the isochron age of 184 + 6 Ma support the Jurassic K/Ar hornblende
estimate of the metamorphic age. The isochron age is accepted here as the most reliable age for this
sample. This age is consistent with the zircon age for a pegmatitic patch in the host basalts of 200 Ma and
the presence of 200 Ma detrital zircon in schist blocks in the melange (Supplemental data 4). It also matches
the field relations that indicate the melange is older than Eocene dykes and “unconformably” overlain by
Cretaceous sedimentary rocks (Harris, 2006).

The Ar/Ar age dating from the Miomaffo Block indicates that the metamorphic blocks in the melange are
much older than the regional metamorphism of the Western Sector of the Miomaffo block.
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Figure 2. Ar/Ar step heat diagrams for samples from Miomaffo area. Drawn using Isoplot (Ludwig, 2008).
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Supplemental data 4. U/Pb Zircon age data for three samples from the

Mutis Complex, Miomaffo

Introduction

Zircon is a common detrital mineral that records the maximum depositional age in low grade metamorphic
rocks (Vermeesch, 2021) and more rarely can be found in basaltic rocks (Sack et al., 2007). Three samples
of pegmatitic patches in metabasalt and two samples of schist from the Mutis Complex were selected for
investigation.

Figure 1. Pegmatitic patch in metabasalt.

Conventionally, zircon grains are found by crushing the sample, separating the non-magnetic heavy mineral
fraction, and hand picking the grains. However, grains smaller than 30 um are best analysed in situ
eliminating the potential for laboratory contamination, preserving the original crystal shapes and providing a
geological context for the growth of the crystal (Simonetti et al., 2006). In this project, each sample, a 2 cm
rock chip, was encased in a 2.5 cm round epoxy mount, polished and carbon-coated. The zircon grains in
these samples were found using a FEI Quanta 600 scanning electron microscope (SEM) with a combination
of backscattered electron (BSE) mapping to identify high mean atomic number grains and energy dispersive
X-ray spectroscopy (EDS) to identify zircon (Sack et al., 2011). Of these five samples, both of the schist
samples had relatively uniform 20 ym zircon grains and one of the metabasalts had three grains of euhedral
zircon.

The zircon grains were analysed by laser-ablation induction-coupled-plasma mass spectrometry (LA-ICP-
MS). The analyses were carried out using a Resonetics (now ASI) Resolution S-155 ablation system with a
Coherent Compex Pro 110 excimer laser operating with ArF to produce wavelength at 193 nm and a pulse
width of ~20 ns. All ablations were performed in a He atmosphere and the He gas was blended with Ar
immediately outside the sample chamber (Eggins et al., 1998; Jackson et al., 2004; Thompson et al., 2018).
~1.6 mL/min N2 gas was also added after the ablation cell to increase instrument sensitivity. Laser analytical
parameters were similar to those described by (Halpin et al., 2014; Thompson et al., 2018). The Agilent 7900
was tuned to optimise counts and to minimise oxide and doubly charged ion production (ThO/Th<0.15%,
Ca?*/Ca<0.5%) after warming up for 2 hours. All analyses were carried out in a single session. The ICP-MS
data were processed using the method outlined in Halpin et al. (2014). The laser conditions were 5 Hz pulse
rate, 13 um spot size, 2 J cm~2 fluence, 30 s gas blank and followed by 30 seconds of ablation. The four
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