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1. CHARACTERISATION OF GREENALITE 20 

1.1 X-ray diffraction (XRD) 21 

Chert horizons within the Kuruman Formation that had a high likelihood of containing 22 

greenalite were targeted for bulk rock XRD analysis. Powder XRD samples, representing 1–2 23 

cm of homogenized core material, were created using off-cuts from thin-sectioned samples. 24 

The off-cuts were crushed in a jaw crusher before being pulverized on a SIEBTECHNIK disk 25 

swing mill with a tungsten carbide steel mill set and rings at the University of Cape Town’s 26 

(UCT's) Department of Geological Sciences. The identity of very fine-grained phases present 27 

in the powdered sample was determined using a Bruker AXS D8 Advanced X-ray 28 

diffractometer with a Co-anode and K radiation at the Chemical Engineering Department, 29 

UCT. The X-ray diffractometer was set to a generator voltage of 35 kV and a current of 40 30 

mA, with 2θ values ranging from 5° to 120°. Data were collected in 0.031° 2θ step sizes, with 31 

the counting time set to 1 s for bulk powders. PANalytical X'Pert HighScore Plus software 32 

and PANalytical ICSD database were used for background stripping, indexing of diffraction 33 

peaks, and mineral identification. The peak position at 14.35° 2θ, with a d-spacing of 7.12 Å, 34 

is characteristic of greenalite (Fig. S1). The peaks were small compared to other minerals, 35 

such as quartz, ankerite, pyrite and minnesotaite, reflecting the relatively low abundance of 36 

greenalite in bulk iron formation. 37 



 38 

Fig. S1 | Representative bulk rock XRD pattern with greenalite peaks highlighted in green 39 

(7Å phase) and other phases shown in black (from ref. 1). 40 

 41 

1.2 Scanning electron microscopy-energy dispersive X-ray spectrometry (SEM-EDS) 42 

Previous studies utilizing high-resolution imaging have identified greenalite as a primary 43 

phase in iron formations2. Building on this foundational work, our research aims to quantify 44 

the trace metal concentrations within greenalite. By coupling these measurements with 45 

established partition coefficients3, we aim to infer the trace metal composition of seawater 46 

during the formation of this mineral phase. Critical to this analysis is the precise 47 

identification of greenalite and its extraction in quantities sufficient for laser ablation 48 

inductively coupled plasma mass spectrometry (LA-ICP-MS) analysis. 49 

 50 

To achieve this, we inspected greenalite-bearing horizons further by creating stubs for SEM-51 

EDS analysis. Greenalite laths were imaged in SEM-BSE and analysed for their chemical 52 

composition using SEM-EDS at the Chemical Engineering Department, UCT. The Nova 53 

NanoSEM at UCT was fitted with an Oxford Instruments XMax EDS, which was used for 54 



quantitative and qualitative chemical analysis of mineral grains using AZtec software from 55 

Oxford Instruments. The samples were observed and imaged at a 5.5 mm working distance 56 

and 20 kV accelerating voltage. 57 

 58 



Fig. S2 | SEM-BSE images of greenalite-rich sample 349-59B, showing aggregates of 59 

greenalite (white) laths along with associated mineral phases (minnesotaite and chert) 60 

(top). The different phases are identified and distinguished using SEM-EDS spectra, 61 

generated at the areas highlighted in the top-right panel (middle). SEM-BSE images 62 

depicting characteristic polygonal microstructures formed by fine-grained greenalite laths 63 

within chert (bottom). 64 

 65 

In drill core, the presence of greenalite imparts a dusty appearance and pale green 66 

coloration to chert. Internal lamination in very thinly laminated chert (typical laminae <1 67 

mm thick) is commonly defined by greenalite. Greenalite is extremely fine-grained, 68 

occurring as laths, <1 µm in width and ~2–7 µm in length, which form dense aggregates (Fig. 69 

S2), which may represent clusters of nanoparticles that formed in the water column2. The 70 

most common greenalite assemblages are chert-calcite-minnesotaite-greenalite, chert-71 

minnesotaite-greenalite, chert-greenalite, and occasionally chert-greenalite-siderite. In the 72 

chert-calcite-minnesotaite-greenalite assemblage, greenalite is cross-cut by calcite and is in 73 

turn crosscut by minnesotaite, suggesting that these grains did not form in equilibrium, and 74 

that greenalite was the earliest forming phase. Greenalite aggregates display smooth, sharp 75 

boundaries with other phases. Experimental work indicates that the primary phase 76 

precipitated from seawater was an amorphous Fe(II)-silicate gel, which crystallized to 77 

greenalite during heating and burial4–6. Since there is no direct evidence for this 78 

intermediate phase in the rock record, greenalite is referred to throughout this work. The 79 

reader is referred to ref. 1 for further details on the characteristics of greenalite. 80 

 81 

1.3 Electron probe microanalysis (EPMA) 82 



To confirm the identity of greenalite laths, further differentiating them from minnesotaite, 83 

we determined the major element composition of the Fe(II)-silicate phases using 84 

wavelength dispersive spectroscopy on the 5-spectrometer JEOL JXA-8530F Hyperprobe 85 

Electron Probe Micro-Analyser (EPMA) at Utrecht University (Fig. S3). The operational 86 

parameters include a 20 nA beam current and a 20 kV accelerating voltage. A defocused 87 

beam with a 10 µm diameter was used during EMPA analyses to capture the compositions 88 

of Fe-silicate phases. Calibration to natural mineral standards was performed, and the 89 

counting times for all elements were 20 seconds on peak and 10 seconds on background 90 

(see ref. 1 for the results of the EPMA analyses). EMPA analyses provided further 91 

confirmation of the identity of our targeted Fe(II)-silicate phases, revealing Si concentrations 92 

ranging from 15.0 to 18.4 wt.%, total Fe content ranging from 34.5 to 37.3 wt.%, 93 

characteristics consistent with greenalite (Fig. S3). Importantly, our findings demonstrate 94 

that these silicates are distinct from minnesotaite and other common Fe-silicates, despite 95 

potential geochemical similarities (Fig. S4). 96 

 97 

 98 



Fig. S3 | Microprobe and LA-ICP-MS major element data for greenalite in micro-banded IFs, 99 

Transvaal Supergroup, South Africa. A: Correlation between LA-ICP-MS and microprobe 100 

data. Both techniques yield comparable outcomes, with microprobe data exhibiting 101 

enhanced precision owing to its smaller beam size. B: Fe/Si weight and molar ratios 102 

assessment to confirm the identity of greenalite based on microprobe data. C & D: 103 

Distinguishing between our identified greenalite versus minnesotaite using LA-ICP-MS data. 104 

From ref. 1. 105 

 106 

2. ESTIMATING GREENALITE-TO-CHERT PROPORTIONS 107 

For each of the three samples, every laser crater represents an independent analysis of a 108 

unique group of greenalite laths within a single layer. Targeted laser craters contained both 109 

greenalite and chert, but a customized code written in MATLAB® (Mathworks Inc., Natick, 110 

MA, USA) was used to independently estimate the proportion of greenalite-to-chert around 111 

each laser ablation hole. The SEM-BSE images of laser ablation craters were used to identify 112 

regions that provided an accurate representation of mineral proportions (Fig. S4). The code 113 

involved image pre-processing, including isolating ROIs and smoothing the image. Selection 114 

of ROIs was based on the laser analysis spot size and the distribution of minerals closest to 115 

the ablated area. We employed Otsu's method7 to automatically determine a global 116 

threshold for distinguishing chert and greenalite (dark and bright, respectively). This 117 

threshold was applied to segment the image into greenalite and chert, enabling the 118 

calculation of the proportions for each phase in the selected area (Fig. S4B). Colors, 119 

specifically white and grey, served as proxies for mineralogy in line with the greyscale nature 120 

of SEM-BSE images. It assumed a homogeneous average texture on a scale of 10–100 µm, 121 

and therefore the region around the crater is representative of the ablated area. The 122 



majority of the spots contained >50% greenalite (see ref. 1 for the estimated mineral 123 

proportions). 124 

 125 

 126 

Fig. S4 | A: SEM-BSE micrographs of selected craters from in situ LA ICP-MS analyses on 127 

aggregates of greenalite laths, Transvaal Supergroup, South Africa, with 120 µm spot 128 

analyses. Greenalite appears white whereas chert is grey, and there are variable proportions 129 

of chert in each region. B: SEM-BSE image of a laser ablation crater showing a selected 130 

region (red circle) used to estimate the chert-to-greenalite proportion, alongside a 131 

histogram depicting the estimated proportion of greenalite (bright) to chert (dark) in the 132 

analysed area. From ref. 1. 133 

 134 

3. EVALUATING THE MINERALOGICAL HOST FOR METALS 135 

Our extensive characterisation of the mineralogy using XRD, SEM, and EPMA indicate that 136 

the only minerals present in the samples are greenalite, chert, and occasionally siderite. No 137 

additional minerals were identified in these layers via XRD or chemical analysis. While the 138 



diameter of the laser and probe can be limiting for identifying very fine grained phases, no 139 

other phases, such as coatings on the surfaces of grains, were observed even under the 140 

highest resolution imaging. An important source of Mn in modern sediments is Mn-rich 141 

oxide coatings that form as grains and are transported through an oxygenated water 142 

column8, but we would not expect these phases to form in the broadly anoxic 143 

Palaeoproterozoic oceans. Therefore, we assume that all metals detected via LA-ICP-MS are 144 

hosted in either greenalite or chert for samples 349-59A and 349-59B, and hosted in 145 

greenalite, chert, and siderite for 351-66. 146 

We used bivariate plots of metal concentrations versus the proportion of greenalite for each 147 

analysed spot to confirm the metal-hosting associations (Fig. S5). The close correlation 148 

between the proportion of greenalite and the Co, V, Zn, and Ni content in samples 349-59A 149 

and 349-59B suggests that these metals are primarily hosted in greenalite, rather than chert 150 

(Fig. S5A-D). This is consistent with experimental data which show that these metals are 151 

associated with Fe(II)-silicate during precipitation and are retained in the structure during 152 

heating, which drives de-sorption of surface bound phases4. For at least one metal, Ni, 153 

synchrotron X-ray absorption spectroscopy data demonstrate that the metal is structurally 154 

incorporated in the octahedral sites4. This is strong evidence that these metals are 155 

incorporated into Fe(II)-silicate gel and are retained in the structure during transformation 156 

to crystalline greenalite. The relatively higher Ni concentrations in sample 351-66, and the 157 

lack of clear relationship between Ni content and % greenalite, suggests Ni can also be 158 

hosted in siderite9.  159 

Our data also show a close correlation between the proportion of greenalite and Mn 160 

content in samples 349-59A and 349-59B (Fig. S5E), suggesting Mn is also hosted in the 161 



greenalite crystal. This is consistent with experimental work that demonstrates 162 

incorporation of Mn into the solid phase during precipitation4. The partition coefficient for 163 

Mn into Fe(II)-silicate is very low, consistent with the large ionic radii of Mn2+, which sits on 164 

the upper limit of the range for greenalite (0.83 Å). Minor loss of Mn was observed during 165 

simulated diagenesis and crystallisation (<10%; ref. 4). This suggests that although the 166 

majority of Mn is structurally incorporated, minor amounts could be surface-sorbed or 167 

associated with silica-coatings. Any loss of Mn during diagenesis could have reduced the 168 

primary Mn content of the greenalite in the Transvaal Supergroup, resulting in an 169 

underestimate of Mn concentrations in seawater. The relatively higher Mn concentrations 170 

in sample 351-66, and the lack of clear relationship between Mn content and % greenalite, 171 

suggests Mn is also hosted in siderite, as expected due to the close relationship between 172 

Mn and many carbonate group minerals10. 173 

 174 

Conversely, concentrations of Cu and Cd are notably higher in chert-rich samples, implying 175 

that they are not hosted in the greenalite crystal structure (Fig. S5F & G). Furthermore, 176 

experiments have shown that heating synthetic Fe(II)-silicate with silica sorped to the 177 

surface releases Cu (~20%) and Cd (~60%) alongside Si, which is also consistent with these 178 

metals being associated with surface bound phases, rather than Fe(II)-silicate4,11. Mo does 179 

not display any correlation with the proportion of greenalite, consistent with experiments 180 

which showed no uptake of Mo into the solid phase, and is unlikely to be hosted in 181 

greenalite (Fig. S5H). Cd, Cu, and Mo were therefore excluded from estimations of Archean 182 

seawater metal concentrations. 183 



 184 

Fig. S5 | Bivariate plots of metal concentrations versus the proportion of greenalite for each 185 

analysed spot to confirm the metal-hosting associations. 186 

 187 

We compared our trace metal concentrations to published data from greenalite-chert from 188 

the 2.483 Ga Colonial Chert Member of the Mount McRae Shale (2x sample Mitchell2-418) 189 

and the 2.495–2.461 Ga Dales Gorge Member of the Brockman Iron Formation (2x sample 190 

Mitch2-405C), Western Australia12, and other greenalite-bearing horizons from the 191 

Kuruman Formation of the Transvaal Supergroup13. The craters labelled “this study – 192 

greenalite” in Fig. S6 contained > 50% greenalite (see section 2 above), while the craters 193 

labelled “this-study - chert” in Fig. S6 contained 5–20 % greenalite, similar to those in the 194 

Colonial chert (Mitchell2-418 = 5–28% Fe) and Dales Gorge Member greenalite-chert 195 

(Mitch2-405C = 5.6–6.2% Fe). Notably, concentrations of V, Zn, Mo, Co, Ni, and Mn are 196 

higher in our greenalite samples compared to those in Mitchell2-418 of Colonial chert and 197 

Mitch2-405C of Dales Gorge Member greenalite-chert, which instead align more closely 198 

align with our chert data (Fig. S6). These data support our inference that Cu, Cd, and Mo are 199 

predominantly hosted in the chert phase. 200 

 201 



 202 

Fig. S6 | Comparison of our measured trace metal concentrations in Palaeoproterozoic, 203 

natural greenalite with the range of measured concentrations from other 204 

penecontemporaneous greenalite samples. 205 

 206 

4. LOCATION OF GREENLITE PRECIPITATION 207 

Our data reflect metal abundance in the local environment during the precipitation of 208 

greenalite which raises the question, where did these minerals form? Several potential 209 

pathways have been proposed for greenalite formation. One possibility is that greenalite 210 

was formed in and around hydrothermal vents from low pH, high temperature fluids. 211 

Models and experimental work both suggest that this pathway was feasible under predicted 212 

Palaeoproterozoic conditions4,14,15, and this process could have shaped the metal fluxes 213 

from hydrothermal vents into bottom waters4. These minerals are preserved in exhalative 214 

deposits15, and may have been transported and redeposited to shelf settings too14. 215 

Alternatively, greenalite precipitation could occur on the shelf, triggered by elevated 216 

temperatures, small increases in pH or the presence of small amounts of Fe3+, which may be 217 

generated by warming, microbial activity or photo-oxidation reactions in shallow sunlit 218 

waters5,16. It is critical to determine the location of greenalite precipitation preserved in iron 219 



formation to contextualise the metal data, because the metal content of hydrothermal 220 

fluids is distinct from seawater. Recent rare earth element data suggests that the natural 221 

greenalite from the Kuruman Formation, Transvaal Supergroup precipitated in a shelf 222 

environment (see ref. 1 for more detailed discussions). 223 

 224 
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