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Abstract 16 

Archean greenstone belts contain low grade metamorphic volcanic sequences with localised 17 

examples of preserved original volcanic textures and relict magmatic minerals, which are invaluable 18 

for inferring volcanic processes and by extension magma genesis. A feature observed in many 19 

Archean greenstone belts but rare in modern volcanic rocks is variolitic texture with millimetre- to 20 

centimetre-sized leucocratic globular structures (varioles), in mafic lavas. Models proposed to explain 21 

this texture include rapid undercooling, magma mingling and liquid immiscibility. 22 

Here, we investigate samples of Paleoarchean variole-bearing pillow lavas from the ca. 3469 Ma 23 

Mount Ada Basalt of the Pilbara Supergroup, Western Australia. The samples contain relict magmatic 24 

clinopyroxene and spinel and preserve sharp contacts between varioles and host. No plagioclase is 25 
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observed in the samples. The clinopyroxene mineral composition is indistinguishable between in the 26 

varioles and host. This is despite the variole material having lower MgO and Fe2O3(total) and higher 27 

SiO2 and Al2O3 concentrations. However, the variole and host materials have indistinguishable TiO2, 28 

Cr2O3, NiO2 and Sm-Nd isotope systematics. 29 

These observations are consistent with an immiscibility reaction from a parental melt to a hydrous 30 

fluid phase and conjugate mafic liquid, where minerals that formed before the reaction become 31 

incorporated into both endmembers where they continued to grow by diffusive exchange between 32 

the hydrous fluid and silicate melt. 33 

Two lines of evidence indicate that hydrous flux exsolution occurred due to H2O saturation in the 34 

precursor magmas, including: (1) the lack of plagioclase, for which crystallisation is supressed at high 35 

H2O content; and (2) Nb/Th < 7, which indicates a hydrated mantle source.  36 

The variole-bearing pillow lavas are part of the 10-Myr-duration Coongan Subgroup volcanic cycle 37 

and occur interspersed with tholeiite basalts and minor komatiites of the Mount Ada Basalt and 38 

mafic to felsic volcanic rocks of the Duffer Formation. These distinctly different volcanic rock types, 39 

which have eNdi -0.3 ± 0.4, ~1 e unit lower than contemporary tholeiites, indicate that there was 40 

variation in magma genesis, which included hydrous fluxed melting likely genetically related to 41 

delamination, during the 10 Myr formation of the Coongan Subgroup volcanic cycle, as part of the 42 

Paleoarchean East Pilbara Terrane formation. 43 
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1. Introduction 49 

  50 

Many Archean greenstone belts contain metabasaltic successions that are characterized by the 51 

presence of leucocratic globules, referred to as varioles or ocelli, preserved in lava flows (Ferguson 52 

and Currie, 1972; Gélinas et al., 1976; Gélinas et al., 1977; Fowler et al., 1987; Fowler et al., 2002; 53 

Komiya et al., 2002; Arndt and Fowler, 2004; Appel et al., 2009; Polat et al., 2009; de Wit et al., 2011; 54 

Sandstå et al., 2011; Furnes et al., 2014; Humbert et al., 2018). Variole-bearing metabasaltic lava 55 

flows can be volumetrically significant, as documented in the 2.7-km-thick mafic volcanic sequence of 56 

the ca. 3470 Ma Hooggenoeg Complex, Barberton Greenstone Belt, South Africa (Sandstå et al., 57 

2011; Furnes et al., 2014), throughout the Nondweni Greenstone Belt, Barberton Greenstone Belt, 58 

South Africa (Wilson and Adrian Versfeld, 1994) and in various occurrences throughout the >15 km 59 

stratigraphy of the ca. 3530-3220 Ma Pilbara Supergroup of the East Pilbara Terrane, Western 60 

Australia (Komiya et al., 2002; Smithies et al., 2007a). 61 

The formation of the variole texture has been variably attributed to i) magma mingling (Fowler et al., 62 

2002; Appel et al., 2009; Krassivskaya et al., 2010), ii) undercooling (Fowler et al., 1987; Fowler et al., 63 

2002; Arndt and Fowler, 2004; Sandstå et al., 2011; Humbert et al., 2018), and iii) immiscibility 64 

reactions (Ferguson and Currie, 1972; Gélinas et al., 1976; Gélinas et al., 1977; Gudin et al., 2012). 65 

These different mechanisms of variole formation have different petrogenetic implications, making 66 

them key indicators of underlying petrogenetic processes with the potential to critically inform 67 

models for the formation of early Earth crust. 68 

A magma mingling origin (i) is proposed based on the presence of xenocrystic zircon in varioles from 69 

the ca. 3075 Ma Ivisaartoq greenstone belt, SW Greenland (Polat et al., 2002; Appel et al., 2009), 70 

where felsic varioles are interpreted to represent partial melts of Eoarchean crust that mingled with 71 

younger basaltic magma. In this instance, the variole-bearing lavas have the potential to inform on 72 

the nature of the precursor crust upon which greenstone belts formed. 73 
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An undercooling origin (ii) for variole textures (Fowler et al., 1987; Fowler et al., 2002; Sandstå et al., 74 

2011; Humbert et al., 2018) suggests eruption of lavas with no mineral load at temperatures 75 

significantly above their liquidus due to eruption from depth without significant cooling during 76 

transport. Such a mechanism of formation can provide valuable insights into the nature of magma 77 

plumbing systems, the prevailing temperatures and melt-generating processes in source regions, and 78 

the mode of eruption of the greenstone volcanic piles. 79 

An immiscibility origin (iii) was initially proposed for variolitic lavas from the Barberton greenstone 80 

belt, South Africa (Ferguson and Currie, 1972) and from the Abitibi greenstone belt, Canada (Gélinas 81 

et al., 1976). More recently, immiscibility was proposed for variole textures in preserved magmas 82 

from the Cretaceous Troodos Ophiolite, based on characteristic fluid exsolution textures (Ballhaus et 83 

al., 2015). Ballhaus et al. (2015) argued that magma that was H2O-saturated at depth led to H2O-84 

supersaturation upon eruption, causing an exsolution of a H2O-rich low-density phase and a H2O-85 

poor high-density phase. Therefore, demonstrating that variole-bearing lavas bear petrological and 86 

geochemical evidence for high H2O content in precursor magmas has important implications for 87 

hydrous fluxing during magma genesis. 88 

Key to distinguishing the different formation mechanisms for varioles is the observation of preserved 89 

magmatic textures (e.g. Fowler et al., 2002; Sandstå et al., 2011; Ballhaus et al., 2015). In the ca. 90 

3530-3220 Ma Pilbara Supergroup of the East Pilbara Terrane (Hickman, 2012), variole-bearing 91 

metabasalt lavas are observed in seven of the eight known volcanic cycles (Smithies et al., 2007a). 92 

Despite their potential to inform on petrogenetic processes, there has been no previous detailed 93 

study of variole-bearing mafic lavas from the Pilbara Supergroup. 94 

In this study, we present examples of representative variole-bearing pillow lavas that preserve relict 95 

magmatic mineralogy and volcanic textures from the Paleoarchean Mount Ada Basalt of the Pilbara 96 

Supergroup. These samples allow for development of unambiguous arguments for the origin of 97 

variole texture based on relict magmatic texture, mineralogy and mineral composition. We further 98 

support these arguments with major and trace element data and Sm-Nd isotopic compositions of 99 
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variole and host separates. Based on these observations we present constraints that must be 100 

considered for the petrogenesis of magmas that form variole textures upon eruption and that have 101 

implications for magma genesis during the Mount Ada Basalt volcanic event. We then review these 102 

implications by placing the variole bearing samples in context of the different magma types identified 103 

in the Coongan Group, which is the fourth volcanic cycle in the East Pilbara Terrane and includes the 104 

Mount Ada Basalt and the felsic volcanic dominant Duffer Formation.  105 

2. Geological Setting 106 

  107 

The studied variole-bearing rocks come from the western Doolena Gap and the south-eastern 108 

Warralong greenstone belts of the East Pilbara Terrane, Western Australia (Figure 1). The western 109 

part of the east-west-trending Doolena Gap greenstone belt preserves the Mount Ada Basalt as 10- 110 

to 100-metre-sized lozenges of little-altered pillow basalt flows (Figure 1b; Williams, 1999; Williams, 111 

2002; Hickman, 2010; Van Kranendonk et al., 2012; Wiemer et al., 2016). 112 
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 113 
Figure 1: (a) Geological map of the central East Pilbara Terrane showing greenstone belts and 114 

granitic complexes modified after Hickman (2012). The spatial extent of the Mount Ada Basalt 115 

and the Duffer Formation is shown for greenstone belts in which the Coongan Subgroup 116 

outcrops modified after Williams (1999); Williams (2002); Williams and Hickman (2007); 117 

Hickman (2010); Van Kranendonk et al. (2012). The spatial extent of the Mount Ada Basalt and 118 

the Duffer Formation is shown for greenstone belts in which the Coongan Subgroup outcrops 119 

modified after Williams (1999); Williams (2002); Williams and Hickman (2007); Hickman (2010); 120 

Van Kranendonk et al. (2012).  121 
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Geological map of a sub section of the western Doolena Gap greenstone belt, modified after 122 

Wiemer et al. (2016). Outcrops of the Mount Ada Basalt are highlighted in the darker shade of 123 

green. The variole-bearing lavas are highlighted with a white stipple and variole free lavas are 124 

unpatterned. Studied samples all come from a large lozenge of pillow lavas (red star).  125 

(b) Geological map of the Coongan Subgroup in the eastern Warralong greenstone belt 126 

highlighting the outcropping Mount Ada Basalt and the location of studied samples (red stars), 127 

modified after (Spring, 2017).  128 

 129 

Variole-bearing pillow lavas stratigraphically overly variole-free pillow lavas (Figure 1b), which is 130 

consistent with the general observation of (Smithies et al., 2007a) that variole-bearing lavas in the 131 

East Pilbara Terrane occur at the top of mafic volcanic successions. In the south-eastern portion of 132 

the Warralong greenstone belt, the Mount Ada Basalt is preserved as 10- to 100-metre-sized 133 

lozenges of little-deformed pillow lavas (Figure 1c). Here, most pillow lavas are variole-bearing and 134 

no stratigraphic variation in variole abundance is observed. The pillows range in size from 20 cm to 135 

1.5 m in diameter in both greenstone belts and have little to no vesiculation. Most pillows contain 136 

varioles that range in size from 2 to 20 mm. Varioles are rare in pillow margins and abundant in 137 

pillow interiors, where they show an increase in size and are often amalgamated (Figure 2). For most 138 

pillows the volume of varioles constitutes between 10% and 20% (Spring, 2017). 139 

 140 
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 141 

Figure 2: Field images of variole-bearing pillow lavas from the Mount Ada Basalt of the 142 

Warralong greenstone belt. (a) shows a stack of pillow lavas that all contain variole texture, (8 143 

cm knife for scale). (b) shows a cross section of a ~10 cm diameter pillow lava tube showing 144 

variation in variole texture within the pillow. The pillow margins are almost variole-free. The 145 

varioles increase in size towards the pillow interior where they begin to amalgamate. 146 

 147 

3. Methodology 148 

 149 

Quantitative in situ analysis of minerals in thin section, as well as quantitative mapping of individual 150 

clinopyroxene crystals were carried out on a field emission electron probe microanalyser (JEOL EPMA 151 

JXA-8530F) equipped with five wavelength dispersive spectrometers (WDS) and using Probe Software 152 

applications (probesoftware.com). The EPMA spot analysis and WDS stage maps analytical conditions 153 

are provided in Supplementary Data 1. 154 

To investigate variation in clinopyroxene composition in the EPMA maps, the map datasets were 155 

filtered to preserve only the pixels that yielded stoichiometric clinopyroxene composition according 156 

to the following criteria: (1) oxide wt. % totals 98.0 - 102.0, element wt. % Si 21.0 - 26.0, as well as 157 

element wt. % Al 0-5.0 and Ca wt. % ≥ 12.0; (2) any remaining pixels registering phosphorous are 158 
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excluded; (3) mineral formulae for remaining pixels are calculated on the basis of six oxygens per 159 

formula unit using the methods and procedures of Deer et al. (2013), with deficiencies in tetrahedral 160 

sites (Si) filled to 2 ions per formula unit by Al, and those with Si > 2 ions per formula unit or total 161 

cation sums of <3.92 or >4.04 excluded. 162 

For major and trace element analyses, variole-bearing samples were first cut into 2-3-mm-thick slabs. 163 

The slabs were sanded to remove residue from the rocks saw. The slab sections were broken into 164 

mm-sized fragments, allowing for hand picking of the least altered fragments of purely variole 165 

material and the dark coloured host material. One- to three-gram aliquots of each sample were then 166 

powdered by hand in an agate mortar and pestle. For the remainder of this paper samples are 167 

referred to by their sample ID and whether they represent variole or dark host material. Major 168 

element analysis was performed using a WDS XRF PANalytical Axois 1 kW system on fused disks 169 

following standard procedures. Due to the small sample size only six samples were analysed for loss 170 

on ignition, which was performed on ~10 mg of sample using a Netzsch simultaneous thermal 171 

analyser 449 F3. Samples were loaded into the previously heated sintered alumina vials, to ensure 172 

stable background for background subtraction, and heated from room temperature to 1100°C with 173 

continuous thermo gravimetric analysis. The loss on ignition was calculated as the percentage mass 174 

change recorded at 1050°C relative to the initial mass. 175 

Trace element analyses were performed with an Agilent 8800 ICP-MS modified from the methods of 176 

Eggins et al. (1997) and Kamber (2009), and Sm–Nd isotopic data were obtained using  isotope 177 

dilution-TIMS methods with high pressure digestion and spike equilibration. Following chemical 178 

extraction of Sm and Nd using Tru-spec and Ln-spec column chemistry, analyses were made using  a 179 

Triton multi-collector thermal ionisation mass spectrometer. Full analytical procedures are provided 180 

in Supplementary Data 2. 181 

 182 

  183 
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4. Results 184 

  185 

4.1 Petrology 186 

 187 

The striking colour contrast between variole and dark host is obvious in hand specimen (Figure 2) and 188 

in thin section (Figure 3 and supplementary figures). In all samples, relict clinopyroxene and spinel 189 

occur in similar relative abundance in both variole and dark host (Figure 3 and supplementary 190 

figures), although clinopyroxene crystals are commonly more altered in the dark host. Carbonate and 191 

chlorite pseudomorphs after olivine occur in both components. The dark hosts comprise an altered 192 

groundmass of chlorite with abundant epidote. The varioles have a fine-grained grey massive matrix, 193 

possibly including clinozoisite. All samples contain abundant carbonate veins. In the Doolena Gap 194 

greenstone belt samples, the clinopyroxene crystals are typically acicular, 10 µm wide and up to 200 195 

µm long. In the Warralong greenstone belt samples clinopyroxene occurs as both equant phenocrysts 196 

(50-100 µm), with crystals commonly forming clusters, and finer grained acicular crystals, 10s of µm 197 

wide and up to 100 µm long. Spinel crystals are present in all samples ranging in size from 20 to 50 198 

µm in the Warralong samples and up to 200 µm in the Doolena Gap samples (Figure 3 and 199 

supplementary figures). Spinel crystals are commonly observed as clusters in pseudomorphs after 200 

olivine. Plagioclase or pseudomorphs after plagioclase are not observed in any variolitic sample. 201 
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 202 

Figure 3: (a) plain polarised light image of Warralong greenstone belt sample JDK-73 showing the 203 

sharp boundary between a variole (lower right-hand side) and the host. The full thin section 204 

image can be seen in Supplementary Figures. Abundant preserved magmatic clinopyroxene 205 

phenocrysts and carbonate pseudomorphs after olivine are present. The sample is cut by fine 206 

carbonate veins. The area in the red rectangle is shown in panels b and c. (c) sketch outlining the 207 

large clinopyroxene grains, the carbonate pseudomorphs after olivine and the spinel crystals 208 

that commonly occur in the carbonate pseudomorphs after olivine. The red rectangle in B shows 209 

the location of the EPMA map shown in Figure 5. 210 

  211 

4.2 Mineral Composition 212 

 213 

Pyroxene compositions are similar both between the two greenstone belts and between variole and 214 

dark host in individual samples (Supplementary Electronic Data 1). Based on the spot analyses, each 215 

sample displays significant core-rim zonation in larger crystals of both variole and host clinopyroxene 216 

as well as overlap in compositional range between variole and host clinopyroxenes. Zoning patterns 217 

were explored in greater detail by quantitative maps from each sample (Figure 4), that illuminate 218 
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complex zoning in some grains, and reveal sharp gradients near crystal rims towards ferroan augite in 219 

pyroxenes from both varioles and host material. 220 

Pyroxene crystals from samples from both greenstone belts are enriched in Cr (Cr2O3 up to 1.0 wt%; 221 

Supplementary Electronic Data 1) where Cr defines oscillatory growth and sector zoning (Figure 4). 222 

Large clinopyroxene crystals commonly show zones of chlorite alteration with high Fe (> 13.5 wt. %) 223 

that fail the criteria to be clinopyroxene pixels. The Cr zonation can still be seen despite the alteration 224 

(Figure 4). 225 
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 226 

Figure 4. Quantitative EPMA-WDS stage maps comparing clinopyroxenes from varioles and hosts 227 

in metabasalts from Doolena Gap and Warralong greenstone belts. The top panel shows 228 
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distribution of pixels (in black) that pass filtering criteria for quadrilateral clinopyroxenes (see 229 

text). Map rows show element wt % for Si, Cr, Fe and Mg with colour scaled legends at right. 230 

Pyroxene quadrilaterals plot medians of pixels binned by increments of 1 % Fs from 5-40%, with 231 

host and variole pyroxenes represented by filled and open symbols respectively. Medians are 232 

also colour coded according to Cr content (wt%). (a) Representative pyroxenes from Doolena 233 

Gap sample (JDK98). The large host pyroxene shows pronounced oscillatory zoning with at least 234 

three cycles of enrichment in Cr, and normal zoning (Fe-enrichment) at outermost rims. 235 

Oscillatory zoning as well as sector zoning is suggesting in the variole pyroxene. Pyroxene 236 

quadrilateral shows close overlap in composition and range shared by variole vs host pyroxene. 237 

(b) Warralong sample TS31 also shows very similar behaviour between variole and host 238 

pyroxenes, with at least two episodes of Cr enrichment, a distinctive excursion to higher Wo 239 

component at Fs ~12 % in both host and variole grains, as well as a shared sharp zonation at 240 

outer rims toward ferroauguite. 241 

 242 

The pyroxene map datasets were processed further for purposes of statistical comparison between 243 

variole versus host pyroxenes. Map datasets were reduced to include only pixels passing the 244 

pyroxene filtering criteria defined above. In order that variole and host pyroxenes for the Warralong 245 

sample TS31 and the Doolena Gap sample JDK98 could be more aptly compared, this dataset was 246 

split to create two small rectangular maps of ~12,000 pixels each that feature the large pyroxenes in 247 

the host and variole respectively, and with the variole-host boundary area excluded entirely. Binned 248 

statistics were subsequently generated for each variole and host map dataset (including element wt. 249 

%) with medians, standard deviations and pixel counts computed for bins of equal size (Fs0.01) from 250 

Fs0.05 to Fs0.40 (boundary cases apportioned downward). Total pyroxene pixel counts for each map 251 

range from ~12,000 – 40,000. Bin medians for variole and host pyroxenes are plotted for comparison 252 

in pyroxene quadrilateral diagrams (Figure 4; those with fewer than 20 pixels are excluded from 253 

consideration), that serve to compare trajectories and range of compositional evolution for variole 254 



15  
  

pyroxenes versus those in hosts. Bivariate plots of median element wt. % from the binned map data 255 

are plotted together with the single spot EPMA measurements to illustrate consistency of results 256 

obtained using the two methods. 257 

In addition, a larger area quantitative EPMA-WDS map shows the variole-host boundary for 258 

Warralong greenstone belt sample JDK 73 (Figure 5, Supplementary Figures). This map shows that 259 

clinopyroxene in the host is not as well preserved as in the variole. Despite the better preservation of 260 

the variole clinopyroxenes, the composition of the pyroxenes is indistinguishable between host and 261 

variole. 262 

 263 

Figure 5. Warralong sample JKD73-2 mapped at larger scale traversing variole-host boundary. 264 

The left panel showing pixels defined as clinopyroxene highlights the higher proportion of 265 

groundmass pyroxene in the variole section. Elemental maps illustrate sharp contrasts in Si, Fe 266 

and Mg in groundmass, whereas pyroxenes are nearly identical in composition in host and 267 

variole and preserve similar magmatic zoning patterns. 268 

 269 

 270 

4.3 Geochemistry 271 

 272 
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4.3.1 Major and trace element composition 273 

There are significant compositional differences between the bulk compositions of varioles versus 274 

dark host separates from samples in both greenstone belts, as summarized in bivariate plots (Figure 275 

6) and illustrated in the quantitative EPMA-WDS map that traverse the boundary between a variole 276 

and surrounding host material (Figure 5). The host separates from both greenstone belts have 277 

relatively high MgO and Fe2O3
(total) (Figure 5 and 7).  278 

 279 

Figure 6: Bivariate plots of select major and trace elements against MgO for variole and dark 280 

host of variole-bearing pillow lavas from both the Warralong and Doolena Gap greenstone belts. 281 

Also shown are fields for the Coongan Group, that includes the Mount Ada Basalts and Duffer 282 
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Formation from Smithies et al. (2005) Gruau et al. (1987), Rizo et al. (2019) and {Tusch, 2021 283 

#113}. 284 

 285 

The variole separates have much lower MgO and Fe2O3
(total) (Figure 5 and 7). Two variole samples 286 

from the Warralong greenstone belt have anomalous high P2O5 and one has anomalous high MnO. 287 

The CaO content of the variole and dark host separates overlap (Figure 6). Both the variole and dark 288 

host separates from the Warralong greenstone belt have higher TiO2 than observed in the Doolena 289 

Gap samples (Figure 6). 290 

The bulk rock Cr and Ni concentrations between the variole and dark host separates in each sample 291 

from both greenstone belts are indistinguishable (Figure 6). However, in quantitative maps the host 292 

appears to have higher Cr (0.1 wt. %) in the groundmass as compared with the groundmass of the 293 

variole (<0.05 wt. %; Figure 5). The Doolena Gap greenstone belt samples have substantially higher Cr 294 

content than even the most mafic samples reported in the literature for the Mount Ada Basalt 295 

(Figure 6). The high Ni concentration in both variole and dark host separates is consistent with the 296 

similar abundance of carbonate pseudomorphs after olivine in both separate types that are expected 297 

to have high Ni contents inherited from the altered olivine. For elements such as Th, Zr and Hf, the 298 

concentrations of the variole and dark host separates are near indistinguishable (Figure 6 and 7). 299 

However, the variole separates have systematically higher La concentration as compared to the dark 300 

host separates (Figure 6). 301 

The Warralong greenstone belt dark host separates are slightly light REE enriched relative to heavy 302 

REE, have a slight negative Eu anomaly and have a slope in a chondrite normalized REE plot (Figure 303 

7). The Doolena Gap dark host separates display steeper REE patterns (Figure 7). All but one of the 304 

Warralong greenstone belt variole separates have dramatically higher ΣREE, more pronounced Eu 305 

anomalies and steeper chondrite normalised REE pattern than the dark host separates (Figure 7). The 306 

REE systematics of the Doolena Gap variole separates either partially overlaps with the dark host 307 

separates or have slightly higher ΣREE with notable elevation in La, Ce and Pr (Figure 7). 308 
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 309 

Figure 7: Primitive mantle normalised multi-element spider plots and chondrite normalised plots 310 

after Sun and McDonough (1989).  311 

 312 

4.3.2 Sm-Nd isotopic compositions 313 

Three dark host separates and two variole separates from both greenstone belts were analysed for 314 

Sm-Nd isotope compositions. The Sm-Nd isotope data yield a linear regression that corresponds to an 315 

age of 3477 Ma ± 36.4 (Figure 8a), which is within error of the expected age of the 3471-3463 Ma 316 

Coongan Subgroup (McNaughton et al., 1993; Nelson, 1999; de Vries et al., 2006), and define an 317 

intercept 143Nd/144Nd of 0.508117 ± 0.000039 that equates to an εNd at 3469 Ma of -0.3 ± 0.4.  318 
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Figure 8: (a) 147Sm/144Nd vs 143Nd/144Nd plot 319 

of the Doolena Gap and Warralong greenstone belt variole-bearing samples, with the linear 320 

regression generated using IsoplotR of Vermeesch (2018). The Mount Ada Basalt basaltic 321 

samples of Gruau et al. (1987) and Hasenstab et al. (2020) are included. (b) Time versus εNdi at 322 

3469 Ma for the Doolena Gap and Warralong greenstone belt variole-bearing samples and the 323 

linear regression intercept with its error from (a) as a grey bar behind the data, the width of 324 

which corresponds to the age for the Mount Ada Basalt 3469 ± 3 Ma (Nelson, 1999). Also shown 325 

is the depleted mantle evolution of Nägler and Kramers (1998), Warrawoona Group samples of 326 

Gruau et al. (1987) and Hasenstab et al. (2020) and the 147Sm/144Nd vs 143Nd/144Nd linear 327 

regression intercept for the Komati Formation of Schneider et al. (2019).  328 

 329 

For the Warralong greenstone belt separates, 147Sm/144Nd c of the dark host separates is significantly 330 

higher (0.181 to 0.189) than the variole separates (both 0.148). Two of the Doolena Gap dark host 331 

separates have near identical relatively low 147Sm/144Nd of 0.151 and 0.149 and the third sample has 332 
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higher 147Sm/144Nd of 0.171, whereas the variole separates plot with relatively low 147Sm/144Nd of 333 

0.137 and 0.136. The εNdi (3469 Ma) of Warralong greenstone belt separates have a narrow range 334 

from 0.98 to -0.19 with no significant difference between the variole and dark host separates (Figure 335 

8b). The εNdi (3469 Ma) of Doolena Gap greenstone belt separates range from -0.02 to -1.34, slightly 336 

overlapping with the data for the Warralong greenstone belt separates but extending to significantly 337 

lower εNdi (Figure 8b). The εNdi (3469 Ma) of the linear regression intercept is within error of CHUR 338 

and plots with lower εNdi than estimates of contemporaneous depleted mantle (Nägler and Kramers, 339 

1998). 340 

The separates from variole-bearing lavas have generally lower εNdi (3470 Ma) than basalt samples of 341 

Gruau et al. (1987) and Hasenstab et al. (2020) from the Mount Ada Basalt as well as the 3443 Ma 342 

Apex Basalts and 3490 Ma North Star Basalt and the εNdi at 3465 Ma of the intercept of the linear 343 

regression defined by komatiite and basalt samples from the 3465 Ma Komati Formation, Barberton 344 

greenstone belt, South Africa (Figure 8b; Schneider et al., 2019). 345 

 346 

5. Discussion 347 

 348 

In the first part of the discussion (5.1), we concentrate on assessing whether predictions of the 349 

various proposed models for the formation of variole texture are consistent with our observations. In 350 

the second part (5.2, 5.3) we investigate the petrogenesis of the precursor magma to the variole 351 

bearing lavas. In the third part (5.4), we place the precursor magma composition in the context of the 352 

temporally and spatially associated volcanic lithologies of the Coongan Group, which includes the Mt 353 

Ada Basalt and the Duffer Formation.  354 

  355 

5.1 Origin of the Mt Ada Basalt variole texture 356 

 357 
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Here we investigate the origin of the variole texture by comparing the preserved textures to those 358 

predicted for the three models, rapid undercooling, magma mingling and liquid immiscibility 359 

proposed for variole formation. We then exclude models based on inconsistencies between 360 

predicted and observed textures.  361 

A magma mingling origin between mafic and felsic liquids for variole texture in the pillow lavas in the 362 

Doolena Gap and Warralong greenstone belt can be refuted based on the identical clinopyroxene 363 

composition between variole and host and the sharp interfaces between variole and host. In modern 364 

examples of magma mingling, the mineral load of the two different liquids remain distinctly different 365 

(Sparks and Marshall, 1986). Furthermore, magma mingling does not produce sharp interfaces 366 

because in mingled systems the mingling liquids are unlikely to be in equilibrium and the interface 367 

should show reaction textures. Additionally, magma mingling is not consistent with varioles being 368 

concentrated at the centre of pillow lavas.  369 

Likewise, a supercooling origin for the variole can be refuted due to the presence of abundant micro-370 

phenocrysts in both the Doolena Gap and Warralong greenstone belt pillow lavas and the lack of 371 

radially arranged plagioclase and/or clinopyroxene in the varioles (Figure 3 and Supplementary 372 

Figures). When a magma is emplaced significantly above its liquidus temperature due to eruption 373 

from depth without significant cooling during transport, characteristic supercooling textures form 374 

because of the paucity of nucleation sites for mineral growth. This results in mineral textures such as 375 

dendritic crystals and spherulites (Fowler et al., 2002; Arndt and Fowler, 2004). The presence of 376 

phenocrystic clinopyroxene, spinel and pseudomorphs after olivine indicate that the Mount Ada 377 

Basalt variole-bearing pillow lavas were not significantly above their liquidus temperatures upon 378 

eruption. Furthermore, phenocryst phases are not focal points from which dendritic crystals have 379 

grown (Figure 3 and Supplementary Figures). 380 

An immiscibility origin for the variole texture, on the other hand, is consistent with both the sharp 381 

boundary between variole and host (Figure 3 and Supplementary Figures) and the identical 382 

composition in relict magmatic minerals hosted in both variole and host within the studied samples 383 
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(Figures 4 and 5). Sharp boundaries between liquids are expected when they are in equilibrium, as is 384 

required for immiscibility reactions (Ballhaus et al., 2015). There are two lines of evidence from the 385 

composition of relict magmatic pyroxenes in support of immiscibility. Firstly, the interiors of larger 386 

pyroxenes show similar Cr zonation patterns in both variole and host (Figure 4), consistent with 387 

magma recharge in a magma chamber prior to eruption, as has been observed in modern volcanic 388 

rocks (e.g. Ubide and Kamber, 2018). This indicates that the pyroxene crystals in both variole and 389 

host had a common magma history prior to the immiscibility reaction. Secondly, the rims of pyroxene 390 

in both variole and host have identical composition. This can be seen most clearly in sample TS31 391 

(Figure 4) where there is a distinct low Mg and high Fe rim to both the variole and host pyroxene 392 

crystals that correspond to the near identical data trend for variole and host pyroxenes toward the 393 

hedenbergite apex in the pyroxene quadrilateral (Figure 4). It is possible that these pyroxene rims 394 

represent pyroxene growth after the immiscibility reaction. If correct, this indicates that the activities 395 

of all components were identical, which is a requirement in immiscible systems (Ballhaus et al., 396 

2015). 397 

However, as both the variole and host compositions have silicate matrices, the variole-forming 398 

immiscible reaction is not a classic liquid immiscibility reaction in which two liquids with different 399 

matrices exsolve from each other, such as in carbonate-silicate immiscible systems (Freestone and 400 

Hamilton, 1980; Kjarsgaard and Hamilton, 1988; Kjarsgaard and Peterson, 1991), because silicate 401 

liquids are miscible in all proportions. Ballhaus et al. (2015) observed similar silicate-silicate 402 

immiscible relationships in the Troodos ophiolite, which they concluded was the result of a fluid 403 

phase exsolution from H2O saturated magmas that erupted in deep water where H2O degassing was 404 

hampered. Ballhaus et al. (2015) argued that the pressure was too low for the hydrous fluid phase to 405 

have a high solute load and, therefore, proposed that the initial fluid phase was H2O dominant. The 406 

fluid phase then evolved towards a silicate dominant composition due to preferential incorporation 407 

of pre-existing crystals, which continued to grow through solute transfer (e.g. Ca, Si, O) from the 408 

conjugate liquid. While this model remains to be tested experimentally, the arguments are the same 409 
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for the Mount Ada Basalt variole-bearing pillow lavas. Here, we propose that the varioles represent 410 

remnants of a segregated, immiscible hydrous fluid phase and the host rock represents the conjugate 411 

liquid. In this scenario 1) the original immiscible endmembers were a hydrous fluid and silicate 412 

magma, 2) the composition of the variole reflects diffusive exchange between the matrix magma and 413 

the exsolved hydrous fluid and 3) the present siliceous composition of the varioles reflects the 414 

composition of variole texture at the time the rock froze and subsequent alteration. This indicates 415 

that i) the precursor magmas reached H2O saturation upon eruption, suggesting that the precursor 416 

magma had high H2O content, and ii) the lavas erupted in deep water where H2O degassing was 417 

inefficient (e.g. Ballhaus et al., 2015).  418 

 419 

5.2 Magma Petrogenesis: Contamination versus hydrous fluxed melting 420 

 421 

For the variole-bearing lavas, an approximation of the composition of the precursor magmas that 422 

underwent liquid immiscibility can be reconstructed from the variole and host compositions. We do 423 

this instead of bulk analysis of pillows because the pillow lavas are variably altered and crosscut by 424 

carbonate veins. As variole abundance varies between ca. 10-20% in the pillow lavas, we reconstitute 425 

model precursor magmas as a mixture of 85% host and 15% variole for the samples from the two 426 

greenstone belts. The resultant compositions are low-Al2O3 komatiitic basalts (Figure 9a). The two 427 

simplest models to explain the composition of the precursor magmas of the Mount Ada Basalt 428 

variole-bearing lavas are: 1) contamination of a high Cr and Ni magma such as a komatiite or picrite 429 

by  430 
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 431 

Figure 9: a) Jensen’s cation plot after Jensen (1976) and b) MgO versus La/Yb, for the 432 

reconstituted model precursor magmas of the Warralong and the Doolena Gap greenstone belt 433 

variole-bearing samples together with literature data for the Mount Ada Basalt and the Duffer 434 

Formation samples from Gruau et al. (1987), (Smithies et al., 2007a)  Rizo et al. (2019) and 435 

(Tusch et al., 2021). Also shown is mixing between the average of the Coonterunah komatiites 436 

(Smithies et al., 2007a) and average grey gneiss (Moyen and Laurent, 2018). c) plot of 1/Nd vs 437 

143Nd/144Nd for the Warralong and the Doolena Gap greenstone belt variole-bearing samples 438 

showing a lack of correlation between the samples. d) Zr/Nb vs. Nb/Th discrimination diagram 439 

of Condie (2015); HM Hydrated Mantle, DM Depleted Mantle and, EM Enriched Mantle.    440 

material with relatively high La/Yb material such as average grey gneiss (Moyen and Martin, 2012), or 441 

2) the precursor magmas are mantle-derived and formed by hydrous melting of lherzolitic mantle. 442 

Here, we use the average komatiite composition from the Coonterunah Subgroup of the 443 

Warrawoona Group (Smithies et al., 2005) and the average grey gneiss composition of (Moyen and 444 

Martin, 2012) as the most obvious candidates for mixing endmembers. The simplistic bulk mixing 445 
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model presented in Figure 9a,b clearly cannot replicate the compositions of the precursor magmas of 446 

the Mount Ada Basalt variole-bearing lavas. More complex mixing models, where the high La/Yb 447 

endmember was a partial melt of average grey gneiss leads to mixing endmembers with higher 448 

La/Yb, lower Nb/Th and higher Al relative to Mg and Fe+Ti than the starting composition. Mixing lines 449 

between partial melts of average grey gneiss and the Coonterunah komatiites plot further away from 450 

the Variole bearing samples than those with average grey gneiss composition as an endmember. 451 

Furthermore, the studied samples show no indication of mixing between two components with 452 

different Nd isotope compositions based on the plot of 1/Nd vs 143Nd/144Nd (Figure 9c). This indicates 453 

that there is no evidence pre-existing crust was involved in the petrogenesis of the Doolena Gap or 454 

Warralong greenstone belt variole-bearing pillow lavas. 455 

The lack of evidence for crustal contamination, or mixing in general, together with the high water 456 

content required for the variole texture to form by hydrous flux exsolution, points towards hydrous 457 

fluxed melting as the most likely petrogenetic origin for the variole-bearing pillow lavas. This is 458 

consistent with all precursor magmas plotting in the field of hydrated mantle of Condie (2015) (Figure 459 

9d).  460 

 461 

5.3 Magma Petrogenesis:  Archean volcanic arc versus delamination related volcanism 462 

 463 

Hydrous fluxed melting of the upper mantle is typically related to plate tectonics and subduction 464 

related dehydration. However, extensive regional scale mapping (Van Kranendonk et al., 2004; 465 

Smithies et al., 2005; Van Kranendonk et al., 2006; Van Kranendonk et al., 2007; Van Kranendonk et 466 

al., 2015; Nijman et al., 2017) and geochemical investigation of volcanic and plutonic rocks (Smithies 467 

et al., 2005; Smithies et al., 2007a; Smithies et al., 2007b; Gardiner et al., 2017) have conclusively 468 

demonstrated the lack of arc like processes in the East Pilbara Terrane. Furthermore, Nijman et al. 469 

(2017) demonstrated that the basin into which the Mount Ada Basalt was deposited, the Coongan 470 
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Basin, was a roughly circular feature and thus not consistent with a quasi-linear morphology 471 

expected for an arc setting. 472 

Thus, we propose that a delamination model produced the necessary tectonic conditions for the 473 

hydrous fluxed melting. Delamination of hydrated mafic crust into the mantle is a popular model for 474 

the origin of Archean tonalite-trondhjemite-granite suites (Johnson et al., 2013; Sizova et al., 2015; 475 

Fischer and Gerya, 2016; Nijman et al., 2017; Nebel et al., 2018). The delaminating crust must have 476 

undergone dehydration that would lead to a flux of hydrous fluid. If such a hydrous flux permeated 477 

through mantle material, melting would occur giving rise to basaltic magma with characteristic 478 

geochemical signatures of hydrous fluxed melting, such as low Nb/Th (Figure 9d; Condie, 2015). 479 

The relatively low, near chondritic, εNdi values observed for variole-bearing samples is consistent 480 

with this model, because it indicates that there were components in the sources of the precursor 481 

magmas that had evolved separately from the contemporary mantle with relatively low Sm/Nd. Here 482 

we assume that the contemporary mantle had a εNdi of +0.75 of Nägler and Kramers (1998), or 483 

higher, as is suggested by the average εNdi of North Star Basalt and Mount Ada Basalt basaltic 484 

samples with εNdi of +1 (Gruau et al., 1987). If the delaminating hydrated mafic crust had evolved for 485 

100 Ma or more, with lower than chondrite Sm/Nd, it could impart a low εNdi on the basaltic 486 

magmas that result from the delamination event. This model can explain the variation in εNdi 487 

between the two greenstone belts where the delaminating hydrated crust was older from the 488 

Doolena Gap greenstone belt, average εNdi of -0.56, compared with the Warralong greenstone belt, 489 

average εNdi of +0.32. This process could also produce the incompatible element enriched basaltic 490 

compositions that (Smithies et al., 2009) proposed were necessary to be present in the melt source 491 

of early Pilbara granitoids.  492 

Alternatively, the lower εNdi of the variole containing basalts could represent a separate mantle 493 

source. Hasenstab et al, 2021 interpreted Hf-Nd-Ce isotopic systematics of late- early Archean Pilbara 494 
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mafic and ultramafic rocks as requiring the presence of hybrid mantle sources including upwelling 495 

near-chondritic composition mantle as well as Hadean depleted mantle. 496 

 497 

5.4 The relationship between the different volcanic geochemical groups in the Coongan Subgroup 498 

 499 

Here we place the studied variole bearing pillow lavas in context of the Coongan Subgroup, which 500 

represents the third oldest of the eight mafic to felsic volcanic cycles preserved in the Pilbara 501 

Supergroup (Hickman, 2012). The Coongan Subgroup includes the basalt dominated Mount Ada 502 

Basalt, which includes variole-bearing lavas and rare komatiites (Gruau et al., 1987; Nebel et al., 503 

2014), and the Duffer Formation that contains mafic to rhyolitic volcanic rocks. The geochronological 504 

constraints for the Coongan Subgroup were summarised by (de Vries et al., 2006) who concluded 505 

that the Coongan Subgroup was deposited over a ten million year time period from 3474 to 3464 Ma. 506 

The incompatible trace element pattern for the precursor magmas is subtly different from both non-507 

variole-bearing lavas of the Mount Ada Basalt and samples of the Duffer Formation (Figure 10). The 508 

Mount Ada Basalt samples consistently show incompatible element patterns of altered mantle-509 

derived melts, with variable degrees of enrichment and depletion (Figure 7, 10). The Duffer 510 

Formation is dominated by samples with high La/Yb and low Nb/Th (Figure 10) and incompatible 511 

element patterns similar to average grey gneiss (Moyen and Martin, 2012; Figure 10). The diversity of 512 

composition in the Duffer Formation is shown in Figure 10 were we subdivide the unit into 4 513 

components: 1) La/Yb <3.5, 2) La/Yb 6-11, 3) La/Yb 11-22, and 4) La/Yb >22, in agreement with 514 

subdivisions of (Smithies et al., 2007a; Smithies et al., 2007b). Importantly, the first three of these 515 

groups include basaltic samples (Figure 10b). The precursor magmas have compositions that are 516 

transitional between samples with La/Yb <3.5 and Duffer Formation samples with La/Yb >6 (Figure 517 

10c). 518 

That the precursor magmas of the Mount Ada Basalt variole-bearing lavas are chemically transitional 519 

between typical mantle-derived magmas and magmas with relatively high La/Yb and low Nb/Th 520 
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(Figure 10c) indicates that they record a transition between different magma genesis processes. This 521 

is consistent with the observation of (Smithies et al., 2007a) that within the volcanic cycles of the 522 

Pilbara Supergroup variole bearing lavas commonly occur at the top of mafic volcanic succession 523 

before the transition to felsic dominant volcanics.  524 

The ten million year emplacement period recorded within the Coongan Subgroup (de Vries et al., 525 

2006) is ample time for significant tectonic regime changes to occur that would be required to 526 

produce the variations in magma genesis recorded in both the Mount Ada Basalt and the Duffer 527 

Formation. We suggest that the proto Pilbara Craton crust was affected by changes in tectonic 528 

regimes that are recorded by petrologic and geochemical variations in observed metabasalts. 529 
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Figure 10: Primitive mantle multi-530 

element spider plot normalised after Sun and McDonough (1989) for: a) the Duffer Formation 531 

(Smithies et al., 2005) subdivided into three groups; i) La/Yb 6-11, ii) La/Yb 11-22, and iii) La/Yb 532 

>22. Duffer Formation samples with La/Yb <2 that are indistinguishable from basalts of the 533 

Mount Ada Basalt plot within the Mount Ada Basalt polygon. Also included is the average grey 534 

gneiss of Moyen and Martin (2012). b) the precursor magmas of the Warralong and Doolena 535 

Gap greenstone belt variole-bearing samples together with the basaltic Duffer Formation 536 
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samples. c) plot of La/Yb versus Nb/Th showing that the precursor magmas have an 537 

intermediate composition between the non-variole-bearing Mount Ada Basalt samples and the 538 

Duffer Formation samples with La/Yb >6 (data from Smithies et al. (2005), Rizo et al. (2019) and 539 

Tusch et al. (2021). 540 

  541 

6. Conclusions 542 

  543 

Detailed textural, mineralogical and chemical observations of samples with preserved primary 544 

magmatic mineralogy and texture are essential for deciphering the mechanism of formation of 545 

variole textures in basaltic lavas. For the variole-bearing basalts of the Mount Ada Basalt, such 546 

evidence indicates that the mechanism of formation of the variole texture was an immiscibility 547 

reaction that generated a hydrous flux exsolution and a conjugate silicate liquid. This reaction 548 

occurred after the precursor magmas had undergone complex magmatic processes that are recorded 549 

in the composition of relict magmatic clinopyroxene. The two liquids underwent diffusive exchange 550 

of ions, including Si4+, such that the present silicate composition of the varioles reflects the 551 

composition of variole texture at the time the rock froze and subsequent alteration. 552 

relictThe hydrous flux exsolution preserved by the Mount Ada Basalt variole-bearing lavas was the 553 

result of H2O saturation of the precursor magma, as has been proposed for similar textures in the 554 

Troodos Ophiolite (Ballhaus et al., 2015). Hydrous fluxed melting of the mantle, likely associated with 555 

delamination of hydrated mafic crust, is inferred to be the origin of the high H2O content of the lavas.  556 

The variole-bearing basalts are part of a heterogeneous volcanic magmatic association that formed 557 

over the ~10 Ma duration of deposition of the Coongan Subgroup. This includes minor komatiites, 558 

low- and high- Ti tholeiiticbasalts, and variole-bearing basalts of the Mount Ada Basalt and the mafic 559 

and felsic volcanic rocks of the Duffer Formation, most of which have trace element signatures 560 

similar to grey gneiss (Moyen and Martin, 2012). These variations in magma types indicate a diverse 561 

and rapidly changing magmatic tectonic environment in the proto-Pilbara Craton crust as recorded in 562 
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the ~10 Ma of Coongan Subgroup that has not been considered in existing models for the volcanic 563 

cycles in the East Pilbara Terrane. A new generation of models is required that can account for the 564 

different magma genesis processes that are required to explain the close temporal and spatial 565 

association of komatiites, tholeiites, water saturated mafic lavas (variole bearing lavas) and felsic 566 

volcanics.    567 

  568 

  569 

  570 
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