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There are no confirmed microfossils older than 3,500 million years 
(Myr) on Earth, probably because of the highly metamorphosed 
nature of the oldest sedimentary rocks1. Therefore, studies have 
focused almost exclusively on chemical traces and primarily on the 
isotopic composition of carbonaceous material, which has led to con-
troversies regarding the origin of isotopically light reduced carbon2. 
Schists from the approximately 3,700-Myr-old Isua supracrustal belt 
in southwest Greenland contain up to 8.8 wt% graphitic carbon that 
is depleted in 13C, and this depletion has been attributed to biological 
activity3,4. However, because non-biological decarbonation reactions 
and Fischer-Tropsch-type synthesis5 can produce reduced carbon 
with similar isotopic compositions, non-biological interpretations are  
possible2. Apatite with graphite coatings, within iron formations 
from the approximately 3,830-Myr-old Akilia supracrustal belt in 
southwest Greenland, has been interpreted as the metamorphosed 
product of biogenic matter6, supported by the presence of biologi-
cally important heteroatoms within the graphite7. However, it has 
been  suggested that some graphite in the Akilia iron formations was 
 deposited by metamorphic fluids8,9. This latter interpretation is echoed 
in the Nuvvuagittuq supracrustal belt (NSB) by the presence of poorly 
 crystalline,  fluid-deposited graphite that coats apatite10, demonstrating 
that some apatite–graphite occurrences are produced abiotically during 
fluid remobilization and high-grade metamorphism.

The NSB in northeastern Canada represents a fragment of the Earth’s 
primitive mafic oceanic crust. The NSB is composed predominantly 
of basaltic metavolcanic rocks (Extended Data Fig. 1), which locally 
preserve pillow lava structures11 consistent with a submarine setting, 
and of chemical sedimentary units including iron formations and 
minor jasper (quartz-rich rocks with haematite and magnetite) and 
carbonate-bearing iron formations. The iron formation units occur 
between sequences of tholeiitic and calc-alkaline metabasalts, suggest-
ing deposition at the same stage of volcanic evolution and seafloor- 
hydrothermal activity. The minimum age for the belt is constrained 

by cross-cutting trondhjemitic intrusive rocks that yield U-Pb zircon 
ages of 3,774–3,751 Myr (refs. 12, 13). Furthermore, 146Sm-142Nd 
systematics suggest an age of 4,280 Myr for the metabasaltic unit of 
the NSB14,15. The exact age of the NSB is debated (see Supplementary 
Information); nonetheless, the NSB includes one of the oldest—if 
not the oldest—iron formations known on Earth. The iron forma-
tion has seawater-like chemical signatures16,17 and heavy Fe isotopic  
compositions17,18, consistent with formation by the precipitation of iron 
derived from hydrothermal fluids associated with volcanism19. Bulk-
rock rare earth element data for the NSB jasper and carbonate iron 
formations—especially the presence of positive Eu anomalies—suggest 
a link to seafloor-hydrothermal activity (Extended Data Fig. 2). The 
presence of well-preserved, 20–3,000-μ m chalcopyrite crystals within 
the NSB jasper and carbonate iron formations (Extended Data Fig. 3a) 
demonstrate the lack of post-depositional oxidation.

Most NSB rocks were subjected to upper amphibolite-facies met-
amorphism around 2,700 Myr ago14,20. Here we describe parts of the 
NSB that were less affected by deformation (Supplementary Table 4) 
and focus on sites where the metamorphic grade appears not to have 
exceeded lower amphibolite facies17. This setting is evidenced by local 
outcrops in the southwestern margins of the belt that preserve primary 
chert, diagenetic calcite rhombohedra with poikilitic textures, and min-
erals of low metamorphic grade such as euhedral stilpnomelane and 
minnesotaite in chert that lack pseudomorphic retrograde textures.

Haematite tubes and filaments
Modern hydrothermal Si-Fe vent deposits host communities of micro-
organisms, some of which are Fe-oxidizing bacteria that form distinctive 
tubes and filaments21–26. Epifluorescence imaging of modern vent sam-
ples has shown that cylindrical casts composed of iron oxyhydroxide  
are formed by bacterial cells and are undeniably biogenic25. Hence, 
morphologically similar tubes and filaments in ancient jaspers may be 
taken as biosignatures25,27–30 that can survive elevated temperatures 
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and pressures31, even though such jaspers generally lack carbonaceous 
material22,28,32,33. The presence of abundant microcrystalline quartz in 
jaspers may provide strong protection of primary features, such that 
deformation and metamorphism do not obliterate all depositional and 
diagenetic textures preserved by haematite29.

Haematite filaments in the NSB jasper are between 2 and 14 μ m in 
diameter and up to 500 μ m in length (Fig. 1; Extended Data Fig. 4).  
Some of the filaments exhibit loose coils (Extended Data Fig. 4a), 
some are branched (Fig. 1c), and some form twisting plates of haema-
tite around a core that radiate from terminal knobs (Extended Data  
Fig. 4e, f). They occur within quartz layers of the jaspers, in millimetre- 
sized domains together with haematite rosettes (Fig. 1c), and comprise 
micrometre-sized grains of haematite that are in turn  enveloped by nano-
scale haematite (Fig. 1d). Cross-polar images show that the  filaments do 
not occur along grain boundaries (Fig. 1d). Some  filaments are associated 
with micrometre-sized carbonate grains, which locally occur together 
with graphite (Extended Data Fig. 5). The NSB filaments (Fig. 1a–d) 
have morphologies and compositions similar to those of filaments that 
occur commonly in Phanerozoic jaspers of seafloor-hydrothermal origin, 
such as those from Løkken, Norway (see Supplementary Information; 
approximately 480 Myr; Fig. 1b) and the Franciscan Complex, California, 

USA (approximately 185 Myr)33. The NSB  filaments are also similar to 
microbial filaments found in modern, low-temperature hydrothermal 
vents23,26, some of which display twisted and branched morphologies 
known to be formed by iron- oxidizing bacteria21,26,30.

Within the NSB jasper, cylindrical tubes with walls composed of dense 
nanoscale haematite grains are preserved within coarse (50–500 μ m)  
quartz, which encapsulates the entire structure and fills the centres 
(Fig. 2). Depth reconstructions demonstrate the consistent shape of the 
tubes and filaments along their lengths and the cylindrical morphology 
of the tubes in three dimensions (Fig. 2b, Extended Data Fig. 4). The 
tubes are straight, have diameters of 16–30 μ m (Extended Data Fig. 4), 
and vary in length from 80 to 400 μ m. Most tubes are filled with quartz 
only, but some encapsulate a filament composed of micrometre-sized, 
platy grains of haematite that extend radially outward from the core of 
the filament (Fig. 2c), similar to those in younger jaspers (Fig. 2g). The 
NSB tubes form aligned clusters within patches of locally coarser quartz 
(Fig. 2a, e), similar to tubes in the Løkken jaspers (Fig. 2h), and occur 
in lamination-deflecting, concretionary structures (Extended Data  
Fig. 3b, c) and within quartz layers between millimetre-thick haematite– 
magnetite layers (Extended Data Fig. 3f). About one in ten tubes in the 
NSB terminate with a haematite knob (80–120 μ m in diameter); about 
half of those have a second tube attached (Figs 1a, 2f).

The tubes exhibit features attributed in other seafloor-hydrothermal 
jaspers to fossil remains of iron-oxidizing bacteria28: 1, tubes contain 
internal haematite filaments, similar to those of modern microbial 
remains23,26; 2, some tubes are attached to terminal haematite knobs, 
like microbial tubes documented throughout the geological record28,32 
and in modern hydrothermal precipitates21,24; 3, uniform tube diam-
eters are in the same 16–30-μ m range as those of tube microfossils 
in the Mt. Windsor and Uralian jaspers29,34; 4, tubes are aligned in a 
similar direction (as in some ancient jaspers34), which is characteristic  
of some modern iron-oxidizing bacteria24,28,30,35; and 5, tubes and  
filaments co-occur with apatite, carbonate, and carbonaceous material, 
as in microfossils within the Løkken (Extended Data Fig. 5) and other 
Phanerozoic jaspers36.

To assess the biogenicity of the NSB putative microfossils we con-
sider as a null hypothesis plausible abiogenic mechanisms that could 
create haematite tubes and filaments through metamorphic stretching 
or diagenetic processes (see Supplementary Information), such as fluid 
flow, precipitation reactions, and self-assembly. However, no known 
mechanism can wholly facilitate the growth of multiple tubes from a 
single haematite knob at varying angles (Fig. 1a, Extended Data Fig. 4)  
during metamorphic or diagenetic reactions, together with the  
formation of internal coiled, branched, and twisted filaments (Extended 
Data Fig. 4) with haematite envelopes (Fig. 1d), in addition to their 
close spatial association with carbonate and graphitic carbon (Extended 
Data Fig. 5). Collectively, our observations cannot be explained by a 
single or combined abiogenic pathway, and therefore we reject the null 
hypothesis.
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Figure 1 | Transmitted light images of haematite filaments from 
the NSB and Løkken jaspers. a, Filaments from the NSB attached to a 
terminal knob (arrow) coated with nanoscopic haematite. b, Filaments 
from the Løkken jaspers coated with nanoscopic haematite and attached 
to terminal knobs (red arrows) and branching (orange arrows). Inset, 
multiple filaments attached to a terminal knob. c, Filaments from the NSB 
in quartz band with haematite rosettes (green arrow). Inset, branching 
filament (orange arrow). Green box defines d. d, Filament from the NSB 
enveloped in haematite (inset, same image in cross polars).
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Figure 2 | Transmitted light images of haematite 
tubes in the NSB and Løkken jaspers. a–f, Tubes 
from the NSB. a, Tubes associated with iron oxide 
band. b, Depth reconstruction of tubes with 
haematite filament (arrow). Inset, image of tubes 
at the surface. c, Tube showing a twisted filament 
(red arrow) and walls (black arrow). d, Strongly 
deformed tubes. e, Depth reconstruction of tubes. 
f, Two tubes attached to terminal knob (arrows); 
lower image taken in false colour. g, h, Tubes from 
the Løkken jaspers. g, Tube showing filament  
(red arrow) and walls (black arrow). h, Aligned 
tubes (green arrows).
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Uniformitarianism, epitomised by younger examples of microbially 
produced haematite tubes in hydrothermal vent precipitates throughout  
the geological record (Supplementary Table 5), leads us to conclude 
that haematite tubes and filaments within the NSB jaspers are the 
mineralized remains of bacterial sheaths and extracellular filaments. 
Filaments were probably coated by iron oxyhydroxide or silica after 
being discarded by the microbes, and subsequently coated with silica 
and recoated by iron oxyhydroxide in successive venting cycles23,35, 
producing filament structures that are thicker than the initial structure. 
Residual carbonaceous material from the microbes is now preserved 
in association with carbonate in contact with the filaments. Whereas 
tubes and filaments in younger jaspers are typically attributed to iron 
oxidizers, other bacteria such as cyanobacteria can produce aligned37, 
hollow cylindrical casts of iron oxide38. However, the attachment of 
filaments to terminal knobs is characteristic of some iron oxidizers 
in hydrothermal systems21, but not of cyanobacteria. These knobs are 
morphologically similar to bacterial cells of the anoxygenic photofer-
rotroph Hyphomicrobium, which produces stalks during reproduction. 
Alternatively, the knobs may be better compared to bacterial holdfasts 
created by chemolithotroph Leptothrix-type bacteria. A twisted mor-
phology in some filaments also closely resembles the iron-rich stalks 
formed by the extant ζ -proteobacterium Mariprofundus.

Carbonate rosettes, apatite and carbonaceous material
If biological processes were involved in the genesis of iron formations, 
the characteristic absence of carbonaceous material in iron formations 
could be due to organisms such as photoferrotrophs that separate ferric 
iron from the cells and allow most carbonaceous material to escape  
sedimentation39. Any carbonaceous material that enters the sediments may  
be diagenetically oxidized in conjunction with the reduction of ferric 
iron40. This reaction may be understood from the following equation:

+ +

→ + + ++ − − +

CH COOH 8Fe(OH) 2H O

8Fe 2HCO 22OH 8H
3 3 2

2
3

A consequence of this reaction is the oxidation of carbonaceous 
material to carbonate and the reduction of insoluble ferric iron 
into soluble ferrous iron, followed by precipitation of iron-bearing 
 carbonate, ferrous silicates, and magnetite. The formation of  carbonate 
from oxidized carbonaceous material is well illustrated in the 
 approximately 2,470-Myr-old Brockman Iron Formation of Western 
Australia (Extended Data Fig. 6h, i), in which carbonate rhombohedra 

occur in layers of disseminated carbonaceous material mixed with 
carbonate rosettes.

Of particular note is the presence of carbonate rosettes, 50–200 μ m  
in diameter, that typically contain microscopic inclusions of carbo-
naceous material. Such rosettes are found in the NSB iron formations 
(Fig. 3, Extended Data Fig. 6) as well as in younger jaspers and iron 
formations (Supplementary Table 6). In the Løkken jasper, for example, 
carbonate rosettes with inclusions of carbonaceous material overgrow 
haematite filaments (Extended Data Fig. 6k) attributed to mineralized 
bacteria27. In this interpretation, carbonaceous material was sourced 
from the bacteria. Carbonate rosettes have also been grown in diage-
netic experiments using ferrihydrite and carbonaceous material40.

Both NSB and ancient jaspers, and modern hydrothermal vent pre-
cipitates, commonly preserve haematite rosettes27,32,41 (Supplementary 
Table 7, Extended Data Fig. 7), albeit of debated origin42. Ferrihydrite 
rosettes that form today in the Lau Basin are intimately associated with 
microbial filaments, but may be a result of abiogenic precipitation41. 
In the Løkken jaspers, haematite rosettes are attributed to Fe-Si gel 
maturation on the seafloor27. Such textural relationships may require 
micro-chemical Eh–pH gradients that reduce ferric iron, followed by 
mobilization and oxidation of Fe2+ and its re-precipitation as haematite. 
Given the close proximity of haematite rosettes to microbial filaments 
in modern vent precipitates41, it is plausible that microbial carbona-
ceous material served as a reductant and ferrihydrite as an oxidant.

Sub-spheroidal rosettes of iron calcite (Supplementary Table 8) in car-
bonate-rich iron formations from the NSB (Fig. 3, Extended Data Fig. 6a, b)  
have quartz cores and dimensions of approximately 50–200 μ m19.  
Some carbonate rosettes locally contain apatite inclusions and are cut by 
apatite laths hundreds of micrometres in length (Fig. 3g), and by  acicular 
stilpnomelane that cuts both rosettes and apatite (Fig. 3, Extended 
Data Fig. 6g), demonstrating that the apatite and rosettes are pre- 
metamorphic. The apatite contains myriad inclusions of aqueous 
fluid, haematite, magnetite, and carbonaceous material (Fig. 3f–h). 
Moreover, the rosettes occur with micrometre-sized particles of 
graphitic carbon, randomly disseminated throughout the rings and 
surrounding chert (Fig. 3c). Raman spectra of the graphitic carbon 
show sharp and prominent G-bands ranging from 1,565 to 1,584 cm−1 
and minor D-bands from 1,331 to 1,349 cm−1 (Fig. 3j, Extended Data  
Fig. 6e). Whereas apatite-hosted carbonaceous material displays 
Raman G-peak positions consistent with those of graphitic carbon, 
the broad D-band suggests the presence of disordered sp3-bonded car-
bon (Fig. 3j) or a contribution from nanoscale haematite, which has 
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Figure 3 | Carbonate rosettes from the NSB.  
a, Transmitted light image of calcite rosettes. 
Box defines b. b, c, Transmitted light image in b 
of area targeted by Raman spectroscopy in c. d, 
Raman filter map at 1,580 cm−1 (width 40 cm−1)  
with spectra of graphite particles circled.  
e, Transmitted light and cross-polar image of 
calcite rosettes; box defines f. f, g, Transmitted 
light image in f of target area shown in g. 
White arrow shows apatite cutting a carbonate 
rosette; red arrows show apatite inclusions in 
a carbonate rosette. h, Carbonaceous material 
Raman filter map at 1,565 cm−1 (width 
50 cm−1). i, j, Selected average Raman spectra 
from maps and carbonaceous material.
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a broad peak at 1,320 cm−1, partly explaining the broad and intense 
Raman D-peak. Iron oxides can be seen associated with carbona-
ceous material in transmitted light and by micro-Raman spectroscopy 
(Extended Data Fig. 8a). Raman spectra of graphitic carbon within 
the carbonate rosettes (Fig. 3j) yield a range of calculated crystalli-
zation temperatures43 between 396 °C and 564 °C (Supplementary 
Tables 9, 10), which is partly consistent with mineral geothermom-
eters obtained from the Ujaraaluk amphibolite17, distinct from 
those of poorly crystalline, fluid-deposited graphite in silicate iron 
formations from other parts of the NSB10 (Extended Data Fig. 8,  
Supplementary Table 11). Additionally, Raman spectra of  graphitic 
carbon found in layered jaspers of the NSB (Extended Data  
Fig. 8b–e) show that graphite from two different samples shares 
 common crystallization temperatures of approximately 500 °C. The 
formation of  syngenetic carbon preserved as graphite can be explained 
by the  production of carbonaceous material via abiogenic synthesis5, 
carbonate decarbonation2, or from an original microbial biomass.

Isotopically light carbonate (− 15 to − 5‰) in iron formations has 
been attributed to the oxidation of isotopically light carbonaceous 
material derived from microbial activity44, but precludes neither 
the oxidation of isotopically light abiogenic carbonaceous material 
nor a contribution from marine carbonate. The δ 13Ccarb and δ 13Corg 
values for jaspers from the NSB are − 8.3 to − 6.7‰ and − 25.7 to 
− 19.7‰, respectively10, consistent with a biogenic origin, although 
not unambiguously. However, in the case of the NSB, the phosphorus 
(an element vital in biology) in laths of apatite intergrown with the 
graphite-bearing carbonate rosettes suggests a biological source for 
the carbon in graphite. In modern ocean sediments, accumulations of 
carbonaceous material on the seafloor may concentrate phosphorus 
through biological metabolisms45. Furthermore, the presence of apatite 
in some NSB carbonate rosettes is analogous to occurrences of apatite 
rosettes between stromatolitic phosphorite columns in a flourishing 
late Palaeoproterozoic microbial ecosystem46. Whereas structures sim-
ilar to carbonate rosettes may form in open spaces and cavities47, the 
well-banded, siliceous carbonate gels that formed precursors to these 
carbonate iron formations could not have had a porous texture, and so 
the formation of carbonate rosettes by open-space filling can be ruled 
out. This conclusion is reinforced by the presence of morphologically 
similar, diagenetic graphite-bearing carbonate rosettes in the Løkken 
jasper27 (Extended Data Fig. 6j–m). Combined with evidence of fila-
mentous microfossils and their direct association with carbonate and 
graphitic carbon, and with numerous other observations supporting 
biological activity in the NSB, the carbonate rosettes are best explained 
as having formed by the oxidation of biomass. Such reactions may have 
proceeded as chemically oscillating reactions akin to the Belousov–
Zhabotinsky reaction48, in line with inferences from similar structures 
in younger iron formations (Extended Data Fig. 6h–m) and diagenetic 
experiments40.

Granules
Magnetite-rimmed granules are common in late Palaeoproterozoic 
iron formations and typically occur between stromatolite columns 
(Extended Data Fig. 3i) and host microfossils. The oldest known gran-
ular iron formation from the Mozaan Group in South Africa is about 

2,900 Myr old and contains magnetite-rimmed granules, isotopically 
light carbonate, and zero-to-positive δ 56Fe values, suggesting involve-
ment of iron-oxidizing microbes49.

Comparable 100–500-μ m spheroidal to sub-spheroidal granules occur 
in the NSB jaspers that crop out together with the carbonate iron for-
mations and banded jaspers hosting the microfossils (Extended Data  
Fig. 3b, f). These granules occur in a matrix of chert (Fig. 4C) and have rims  
composed of coarse magnetite with interiors of coarser-grained quartz 
compared to the matrix. Micro-Raman images reveal that the granules 
contain micrometre-sized minnesotaite, magnetite, calcite, haematite, 
apatite, and carbonaceous material (Fig. 4d). The inclusions of carbona-
ceous material within the granules are 1–4 μ m in size and display a pre-
dominant Raman peak at about 1,560–1,580 cm−1 and a broad, poorly 
resolved D-peak (Fig. 4e). Granules of a similar size (200–400 μ m) in 
jaspers from the late Palaeoproterozoic Biwabik Iron Formation (Fig. 4a)  
and the Løkken jasper (Extended Data Fig. 9i) also contain quartz 
coarser than in the surrounding matrix, and a comparable mineralogy 
dominated by magnetite-rimmed granules accompanied by haematite, 
carbonate, carbonaceous material, and ferrous silicates. Carbonaceous 
material within granules from all of these jaspers is typically associated 
with, and coats, micrometre-sized diagenetic carbonate (Extended Data 
Fig. 9). This close spatial association and the occurrence of carbonaceous 
material concentrated in diagenetic granules suggest that such carbona-
ceous material is a primary phase. Less commonly, Løkken granules con-
tain haematite filaments with terminal knobs (Extended Data Fig. 9l).

We propose that the mineralogical constituents of iron-oxide gran-
ules of these jaspers reflect oxidation–reduction reactions. This model 
implicates carbonaceous material and ferric iron as original reactants, 
whereas ferric–ferrous silicates, apatite, magnetite, and carbonate are 
considered reaction products. Given the similar morphology, min-
eralogy, and composition, and the common occurrence of rosettes, 
granules, and filamentous microfossils in the Biwabik, Løkken, and 
NSB jaspers, these diagenetic reactions would have proceeded in a sim-
ilar manner. This conclusion and the well-documented occurrence of 
microfossils within some granules50 (Extended Data Fig. 9l) point to an 
origin involving microorganisms on the Nuvvuagittuq seafloor.

Preservation in the NSB of carbonaceous material and minerals in 
diagenetic rosettes and granules that formed from the oxidation of  
biomass, together with the presence of tubes similar in mineralogy and 
morphology to those in younger jaspers interpreted as microfossils,  
reveal that life established a habitat near submarine-hydrothermal vents 
before 3,770 Myr ago and possibly as early as 4,280 Myr ago. On the 
basis of chemical and morphological lines of evidence, the tubes and 
filaments are best explained as remains of iron-metabolizing filamen-
tous bacteria, and therefore represent the oldest life forms recognized 
on Earth. Given this new evidence from the NSB, ancient submarine- 
hydrothermal vent systems should be viewed as potential sites for the 
origins of life on Earth, and thus primary targets in the search for extra-
terrestrial life.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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MethOdS
Optical microscopy. Standard 30-μ m-thick, polished and doubly-polished thin 
sections and 3-mm-thick polished slabs were prepared with a final polishing step 
using Al2O3 0.5 μ m powder for investigation using transmitted and reflected light 
microscopy. An Olympus BX51 microscope, with 5× , 10× , 20× , 50×  and 100×  
objectives not using immersion oil and CCD camera was used to map petrographic 
features in thin sections. Depth reconstruction images were formed from multiple 
images taken at 2-μ m intervals through thin sections and recombined utilizing the 
Z-project function in ImageJ.
Confocal Raman spectroscopy. Micro-Raman microscopy was conducted on 
petrographic targets within the polished thin sections using a WiTec alpha300 con-
focal Raman imaging microscope with a 532-nm wavelength laser and operating 
at a power between 0.1 and 6 mW, depending on the target. Raman spectra and 
hyperspectral scans were obtained at variable magnifications of 20×  to 100×  and 
hence at variable spatial resolutions of up to 360 nm; spectral resolutions of 4 cm−1 
were achieved using a 600 lines per millimetre grating. Hyperspectral images were 
created for specific mineral phases using peak intensity mapping for characteristic 
peaks of each individual mineral in a scan. Average spectra were calculated by 
creating a mask on homogeneous pixels of individual phases and had their back-
grounds fitted to a polynomial function and subtracted. Large area scans (> 100 μ m  
×  100 μ m) were completed using the same process outlined previously, with spatial 
resolutions below 10 μ m. Peak parameters were calculated from a Lorenz function 
modelled for each selected peak. Cosmic ray reduction was applied to all Raman 
spectra.
Scanning electron microscopy. Scanning electron microscopy (SEM) in 
back-scattered electron and secondary electron imaging modes was used to char-
acterize the morphology and composition of selected targets, which were also char-
acterized by energy-dispersive x-ray spectroscopy (EDS). Analyses were carried  
out in the Department of Earth Sciences at University College London using a 
JEOL JSM-6480L SEM. Standard operating conditions for SEM imaging and EDS 
analysis were 15 kV accelerating voltage, working distance of 10 mm, and electron 
beam current of 1 nA. Samples were coated with a few nanometres of Au prior to 
analysis.
Electron probe micro-analysis (EPMA). Major element mineral analyses of min-
erals were obtained using a JEOL8100 Superprobe (WDS) at Birkbeck College. 
Analysis was carried out using an accelerating voltage of 15 kV, current of 1 nA, 
and beam spot diameter of 1 μ m. The analyses were calibrated against standards 
of natural silicates, oxides, and Specpure metals with the data corrected using a 
ZAF program.
Focused ion beam nano-fabrication. Focused ion beam (FIB) trench milling was 
performed using a Zeiss 1540 XB FIB-SEM. Targets located by secondary electrons 
were protected by a 1-μ m-thick W shield deposited on the thin section surface. 
FIB foils were prepared using a focused beam of Ga ions starting with currents of 
5 nA and going down to 200 and 100 pA for the final steps to expose subsurface 

minerals, before secondary electron images were acquired. A detailed description 
of the FIB nano-fabrication procedures can be found elsewhere52,53.
Inductively coupled plasma-mass spectrometry (ICP-MS). Rare earth element 
analyses were performed by Activation Laboratories Ltd using a Varian Vista 735 
ICP-MS. Yttrium was measured to a detection limit of 2 ppm and all other rare 
earth elements have detection limits of 0.1 ppm or better.
Laser ablation (LA)-ICP-MS. Analyses were conducted at the London 
Geochronology Centre (LGC), in the Department of Earth Sciences, UCL, utilising  
an ESI NWR193 laser-ablation system coupled to an Agilent 7700x ICPMS. 
Instrument parameters are given in Supplementary Tables 1 and 2. LA-ICP-MS 
procedures were as described54, with Madagascar Apatite55 (ID-TIMS age 
473.5 ±  0.7 Ma) used as an external age standard for corrections of mass bias and 
fractionation. Isotopes measured and dwell times are listed in Supplementary 
Tables 3 and 4. Glitter 4.456 was used for data reduction; ages were calculated as 
described57, where the calculated 206Pb/238U age was used for grains younger than 
1,100 Ma, and the 207Pb/206Pb age for older grains, rejecting analyses exhibiting 
more than + 5 or − 15% discordance. Trace element concentrations were calculated 
using NIST SRM 612 and 610 glass58,59 as external standards; 44Ca was used as an 
internal standard, assuming stoichiometric concentration for apatite.
Data availability statement. The data that support the findings of this study are 
available from the corresponding author upon reasonable request.
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52. Wirth, R. Focused Ion Beam (FIB) combined with SEM and TEM: advanced 
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Extended Data Figure 1 | Field photographs of the NSB iron formation outcrops. a, Bands of magnetite and chert. b, Jasper (top red layer) in contact 
with Fe-rich carbonate (bottom grey layer). c, Layered jaspers with meta-volcanic layers. d, Layered jasper; predominantly bands of grey haematite and 
haematitic chert. e, Field location, local geology and sample locations (red spots).
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Extended Data Figure 2 | Rare earth element (REE) post-Archean Australian shale (PAAS) normalized plots. a, LA-ICP-MS REE measurements in 
apatite from PC0844. b, Jasper bulk rock REE measurements from PC0824 (dark grey) and PC0844 (light grey). NSB (red15 and green16) and Isua51 (blue) 
iron formation bulk rock REE.
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Extended Data Figure 3 | Thin sections of samples in this study  
(see Supplementary Information for localities). Inset in a shows 
reflected light image of small, sub-spherical chalcopyrites with haematite. 
Red outlines mark haematite tubes and tube-like structures. Red arrows 
show the orientation of tubes. Blue circles highlight concretion structure 

in thin section and slab. Numbering of targets corresponds to Figures. 
Inset in e shows transmitted light image of carbonaceous material inside 
apatite lath. All sections are 2.5 cm wide, except rock slab (f) measuring 
7 ×  2 cm; Løkken-Høydal dimensions (k–o) are 2 ×  6 cm, except JAH 
samples in n, which measure 2 ×  8 cm.
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Extended Data Figure 4 | Photomicrographs taken in plane-polarized 
light with reflected light of haematite tubes and filaments. Images in  
left column are taken at the surface of the thin section. Images in right 
column show a series of stacked images using the Z-project function in 
ImageJ. Stacked images are formed of 8–9 sequential images taken at 2-μ m  
intervals through the thin section. a, Branching haematite filament. 
b, Stacked image of a. Arrows point to loose coils. c, d, Hollow tube 
truncated partially at the surface showing both the top (c, red arrow) and 
bottom surface (d, black arrow) of the tube. e, Twisted haematite filaments 
emanating from haematite knob at varying angles and depths through the 

thin section. Inset shows aligned haematite crystals in filament indicative 
of twisting; arrow points to three tightly aligned plates. f, Stacked image 
of e with insets of candidate twisted stalks formed of aligned haematite 
plates; arrows show twist points. Dashed red boxes correspond to areas of 
insets. g, Filament diameter measurements from NSB (blue) and Løkken-
Høydal (orange) jaspers. Filament diameters for NSB: n =  23, s.d. =  2.8 μ m,  
avg =  8.3 μ m; for Løkken-Høydal: n =  28, s.d. =  1.9 μ m, avg =  9.1 μ m. 
h, Tube diameters n =  40, s.d. =  6.3 μ m, avg =  24.9 μ m for NSB; n =  40, 
s.d. =  3.1 μ m, avg =  19.5 μ m for Løkken-Høydal.
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Extended Data Figure 5 | Carbonate–apatite and carbonaceous material 
in the NSB and Løkken jaspers in association with haematite filaments. 
a, b, Transmitted light and Raman images of carbonate associated with 
carbonaceous material inside a filament mat. c, d, Transmitted light 
and Raman images of carbonate associated with graphite in the NSB 
jasper associated with a filament. e, Contextual image of the carbonate 
grain (red box) with haematite filaments. f, Raman spectra of minerals 
mapped in this figure. g, Contextual image of carbonate grain (red box) 
with haematite filaments. h, i, Transmitted light and Raman images of 
haematite filament in Løkken jasper, associated with apatite and carbonate 

grains. j, k, Transmitted light and Raman images of haematite filament in 
NSB jasper associated with carbonate grains (green circles). l, Contextual 
image of apatite associated with carbonaceous material and carbonate 
within millimetres of filaments in the Løkken jasper. m, n, Transmitted 
light and Raman images of apatite grain. o, Contextual image of graphite 
in carbonate spatially occurring within millimetres of haematite filaments 
and apatite in the NSB. p, q, Transmitted light and Raman images of 
graphite particle in carbonate. r, Raman spectra of carbonaceous material 
in Løkken jaspers from b and n. s, Raman spectra of carbonaceous 
material in NSB jaspers from d and q.
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Extended Data Figure 6 | Carbonate rosettes. a, Transmitted light image 
of calcite rosettes from the NSB. b, c, Transmitted light and Raman images 
of target area (dashed outline from a). d, Graphite Raman filter map (filter: 
1,580 cm−1, width 40 cm−1). Circled pixels are graphite grains. e, Raman 
spectra of selected graphite particles. f, Average Raman spectra for Raman 
map in c with inset of haematite Raman filter map (filter: 1,320 cm−1, 
width 30 cm−1). Circled pixels are haematite grains. g, Stilpnomelane 
laths overgrowing apatite in the NSB. h, Ankerite rhombohedra envelop 

a layer of carbonaceous material in the Dales Gorge Member of the 
Brockman iron formation. i, Ankerite rosettes with quartz inclusions in 
a carbonaceous material layer. j, Ankerite rosette with quartz core from 
the Løkken jasper. k, Ankerite rosettes overgrowing haematite filaments 
(top) and corresponding Raman map (bottom). l, Selected carbon spectra 
showing diversity of carbon preservation. Non-graphitized carbon is  
the most abundant variety in the rosettes. m, Average Raman spectra  
from map.
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Extended Data Figure 7 | Transmitted light and reflected light images of haematite rosettes. a–d, From NSB; e, from Løkken jaspers. a, Large  
(60 μ m) haematite rosettes (arrows) with cores. b, Haematite rosettes in dense haematite. c, Deformed, thicker-walled (25 μ m) haematite rosettes 
(arrows). d, Concentric haematite rosette. e, Haematite rosettes from Løkken jaspers, same scale bar for all.
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Extended Data Figure 8 | Variety of graphitic carbons from the NSB.  
a, Carbonaceous material Raman spectra, showing the transition between 
haematite and carbonaceous material. The 1,320 cm−1 haematite peak 
produces a disordered carbonaceous material spectrum. However, the 
G-peak position shows that such carbonaceous material is not disordered 
carbonaceous material like immature kerogen, which peaks around 
1,610 cm−1.The Raman spectra are taken from a section (green line) across 
a carbon particle in the Raman map inset, which has a 330-nm spatial 
resolution. Note the inclusions of haematite (pink) in the carbonaceous 

material (red). All other colours and mineral spectra for the Raman map 
are in Extended Data Fig. 9g. b, Transmitted light image of graphitic 
carbon particles from PC0822. c, Secondary electron image, looking down 
a focused ion beam trench through graphitic carbon particles. d, Raman 
spectral map of boxed area from b. e, Raman spectra for phases in spectral 
map. f, 1. Disordered graphitic carbon in apatite lath, transmitted light. 
2. Disordered graphitic carbon in a granule, transmitted light. 3. Poorly 
crystalline graphitic carbon vein, transmitted light. 4. Crystalline graphitic 
carbon in a carbonate rosette, transmitted light.
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Extended Data Figure 9 | Granules from the NSB and from the Løkken 
jaspers. a, Transmitted light image of a granule in the NSB. b, Raman 
map of the granule in a. c, Carbonaceous material Raman filter map 
(filter: 1,580 cm−1, width 80 cm−1). d, Calcite Raman filter map (filter: 
1,089 cm−1, width 20 cm−1). e, Apatite Raman filter map (filter: 965 cm−1, 
width 30 cm−1). f, One micrometre spatial resolution Raman scan of part 
of the granule in a. g, Raman scan (360 nm resolution) of boxed area in f 
(yellow and white colours are colour combination artefacts). H, Raman 
scan (500 nm resolution) of a portion of the interior of the Mary Ellen 
granule in Fig. 4b, showing carbonaceous material coating a carbonate 
grain, like carbonaceous material coating a carbonate grain in the NSB 
granule in a. i, Transmitted light image of granule from the Løkken jasper. 

j, Granule in i, viewed in cross-polarized light. Note the characteristic 
internal quartz recrystallization, relative to the matrix. k, Raman map  
of the granule in i. Note that magnetite forms a rim around the granule  
as in the NSB and Biwabik granules (Fig. 4). l, Microfossil within a  
granule preserved in haematite. The morphology shows the characteristic 
terminal knob of iron like the larger tubes preserved in the NSB.  
m, Carbonaceous material Raman filter map (filter: 1,566 cm−1, width 
60 cm−1). n, Average Raman spectra for all Raman maps in this figure.  
o, Representative carbonaceous material spectra from granules in this 
figure. p, q, Cross-polarized images of iron-bearing granules from the 
Mary Ellen, Biwabik (p) and NSB (q) iron formations showing relative 
quartz recrystallization and magnetite rims.
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