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Abstract :   
 
Emerging evidence suggests widespread ferruginous marine conditions promoted global seawater 
phosphate depletion and the maintenance of a low oxygen world at the start of the Neoproterozoic Era. 
However, the large-scale deposition of marine sedimentary Fe formations, as observed in the 
Paleoproterozoic, is rare in the early Neoproterozoic Era. We show that at the start of the Neoproterozoic, 
tidal flat and shallow marine environments along the northern passive margin of the West African Craton 
(WAC) were fully oxygenated and low in reactive Fe content, until an abrupt and prolong episode of deep-
sea hydrothermal activity overwhelmed the WAC margin with strongly reducing Fe-rich hydrothermal 
fluids. This unique incident is recorded in meter-thick and kilometer-wide shallow marine siliciclastic 
platform rocks estimated to be ~883 Ma old and containing average bulk Fe content >22 wt% in the 
Wanimzi Formation in the Moroccan Anti-Atlas Mountains. The abrupt and conformable contact of the Fe-
rich succession with the Fe-poor lower and upper transition boundaries, together with geochemical data, 
suggest rapid initiation and termination of seawater fertilization by the hydrothermal fluids that formed the 
unmetamorphosed hematite-rich ironstones. Rare Earth Element (REE) and Fe-based redox 
reconstruction point to an aftermath coincident with a return to shallow siliciclastic marine habitats 
characterized by a low reactive Fe content and negligible hydrothermal intrusion, where aerobic microbial 
communities flourished in well-oxygenated waters. We propose that the early Neoproterozoic tectonic 
initiation of the breakup of the supercontinent Rodinia supplied large volumes of deep sea hydrothermal 
Fe, trace metals, and toxic metalloids like arsenic to shallow marine habitats along the WAC, resulting in 
rapid seawater deoxygenation. 
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lower and upper transition boundaries, together with geochemical data, 

suggest rapid initiation and termination of seawater fertilization by the 

hydrothermal fluids that formed the unmetamorphosed hematite-rich 

ironstones. Rare Earth Element (REE) and Fe-based redox reconstruction 

point to an aftermath coincident with a return to shallow siliciclastic marine 

habitats characterized by a low reactive Fe content and negligible 

hydrothermal intrusion, where aerobic microbial communities flourished in 

well-oxygenated waters. We propose that the early Neoproterozoic tectonic 

initiation of the breakup of the supercontinent Rodinia supplied large volumes 

of deep sea hydrothermal Fe, trace metals, and toxic metalloids like arsenic to 

shallow marine habitats along the WAC, resulting in rapid seawater 

deoxygenation. 

 

Keywords: Siliciclastic iron formation; Tonian period; Ironstones; 

Hydrothermal activity; Rodinia supercontinent. 

 

 

 

 

 

1. Introduction 

It is widely accepted that Precambrian seawater Fe concentrations exerted a 

major control on early ocean chemistry, oxygenation of the atmosphere, 

climate, and the evolution of global biogeochemical cycles (e.g., Frei et al., 

2008; Planavsky et al., 2010; Heimann et al., 2010: Halverson et al., 2011; 

Lyons et al., 2014; Brock et al., 2017; Hoffman et al., 2017; Reinhard et al., 

2017; Song et al., 2017; Guilbaud et al., 2020; Heard and Dauphas, 2020). 

For instance, Fe mineral precipitation modulates the concentration of 

dissolved species in seawater, including macro- and micro-nutrient content 

(e.g., Dymek and Klein, 1988; Konhauser et al., 2002; Fischer and Knoll, 

2009; Zegeye et al., 2012; Chi Fru et al., 2012, 2013, 2015a-b, 2016a-b; 

Large et al., 2015: Haugaard et al., 2016; Hoffman et al., 2017; Konhauser et 

al., 2017; Hemmingsson et al., 2018; Keyser et al., 2018; Mukherjee et al., 

2019; Robbins et al., 2019; Heard and Dauphas, 2020).  
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As a consequence, throughout the Archean and for most of the 

Paleoproterozoic eon, considerable quantities of ferrous Fe oxidized out of 

seawater to form sizable Algoma type Fe formations containing >15 wt.% Fe 

in deep sea Archean volcanic centers and Superior type banded iron 

formations (BIF) on passive Paleoproterozoic sea margins (see Bekker et al., 

2010 for a review). A systematic reduction in the deposition of Fe formations 

has been linked to the permanent appearance of free molecular oxygen in the 

atmosphere during the so called Great Oxidation Event (GOE) (Bekker et al., 

2010; Lyons et al., 2014). This is thought to be the result of enhanced biotic 

and abiotic oxidation of soluble ferrous Fe to insoluble ferric Fe minerals using 

molecular oxygen as an efficient electron acceptor (Emerson et al., 2010; Chi 

Fru et al., 2012), accelerated precipitation of pyrite because of the 

intensification of microbial sulfate reduction as a result of GOE-induced rise in 

seawater sulfate concentrations and progressive weakening of hydrothermal 

activity through Earth history (e.g., Canfield, 1998; Bekker et al., 2010; 

Poulton and Canfield, 2011; Lyons et al., 2014).  

Following the GOE, the oceanic redox structure differentiated into 

oxygen-rich shallow surface waters, mid-depth continental margin sulfide-rich 

(euxinic) waters, and deep ferruginous waters (e.g., Canfield, 1998; Rouxel et 

al., 2005; Poulton et al., 2011; Reinhard et al., 2013; Lyons et al., 2014; 

Dauphas et al., 2016; Mukherjee et al., 2019). Pyrite precipitated in the 

euxinic settings, while the upwelling and the mixing of the deep ocean 

ferruginous waters with the oxygenated chemocline and surface waters, 

shuttled silica and ferric Fe to the sea floor (Canfield, 1998; Fischer and Knoll, 

2009; Poulton and Canfield, 2011; Reinhard et al., 2013).  

Because of the high affinity of both pyrite and ferric Fe for trace 

elements, these important Fe minerals controlled the mobility and availability 

of trace elements in seawater through co-precipitation and adsorption 

reactions (e.g., Reinhard et al., 2013; Large et al., 2015; Mukhkerjee et al., 

2019; Robbins et al., 2019). For example, the enrichment of Mo and As in 

euxinic marine sediments correlate with pyrite accumulation (Reinhard et al., 

2013; Chi Fru et al., 2019) while rapid trace element removal from seawater 

by ferric Fe is observed in oxygenated environments where biological and 

abiological oxidation of ferrous Fe with oxygen occurs (Konhauser et al., 
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2002; Chi Fru et al., 2012; Emerson et al., 2010) and in anoxic settings where 

phototrophic oxidation of ferrous Fe is prevalent (Thompson et al., 2019).  

The ferric Fe particles can be reduced in the deep anoxic ocean and 

sediments by the dissimilatory Fe-reducing bacteria (DIR) using organic 

carbon and nitrate (Weber et al., 2006) and/or by sulfide (Poulton and 

Canfield, 2011) to recycle ferrous Fe and bound trace elements and nutrients 

back to seawater (e.g., Guilbaud et al., 2020). Consequently, Fe carbonates 

in ancient Fe formations are thought to record the respiratory activities of the 

DIR (e.g., Severmann et al., 2008; Heimann et al., 2010; Craddock and 

Dauphas, 2011). Because of the strong coupling between the oxidation state 

of Fe and seawater redox, the speciation of Fe mineral phases in primary 

marine chemical sediments has gained widespread application in the 

reconstruction of past seawater redox state from sedimentary rocks (Poulton 

and Canfield, 2005; Poulton et al., 2011; Sperling et al., 2015; Raiswell et al., 

2018). 

This study describes an early Neoproterozoic siliciclastic Fe formation 

deposited as part of a shallow marine environment along the northern margin 

of the West African Craton (WAC) in the Anti-Atlas belt of Morocco. We 

unravel how Fe was sourced from a deep-marine oxygen-starved, 

hydrothermally active ocean and mixed with oxygenated coastal shoreline 

waters to form the siliciclastic Wanimzi ironstones. We propose that this 

incident is linked to tectonic events that initiated the breakup of the 

supercontinent Rodinia and that this event had severe consequences for life 

and the oxygenation of affected shallow seawater masses along the WAC 

coast. 

 

2. Geological setting 

The Proterozoic basement of the Anti-Atlas constitutes the northern margin of 

the WAC. It is overprinted by Pan-African-Cadomian events and bounded by 

two tectonic fault zones, represented by the Anti-Atlas major Fault (AAMF) 

and the High-Atlas South Fault (e.g. Leblanc & Lancelot, 1980; Saquaque et 

al., 1989; Bouougri, 2003; Ennih & Liegeois, 2008). The AAMF (e.g. 

Choubert, 1947; Leblanc and Lancelot, 1980; Saquaque et al., 1989) is a 

tectonic boundary separating the cratonic margin to the south from the ~770-
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700 Ma island arc-related terrane to the north that was accreted onto the 

margin during Pan-African collisional events ~663-640 Ma (e.g. Leblanc et 

Lancelot, 1980; Saquaque et al., 1989; Bouougri, 2003; El Hadi et al., 2010; 

Thomas et al, 2004; Inglis et al., 2005; Triantafyllou et al., 2016; Fig. 1a).  

         The post-Eburnean craton margin strata of the Anti-Atlas, comprising of 

a volcano-sedimentary succession up to 2 km thick spanning the Upper 

Paleoproterozoic to Early Neoproterozoic time, crops out along the AAMF 

(Figs 1b). Based on radiometric data, the successions unconformably 

overlying the Eburnean basement (~2000-1800 Ma) is subdivided according 

to new radiometric data into three main tectono-sedimentary sequences 

spanning the Columbia and Rodinia supercontinent cycles (Letsch, 2018; 

Bouougri et al., 2020). The complete section is well exposed in the central 

part of the Anti-Atlas along the AAMF, with a tripartite subdivision into a Lower 

sedimentary ensemble, a Middle volcanic unit and an Upper sedimentary 

sequence (Bouougri and Saquaque, 2004). In previous works, and 

considering mainly the Pan-African tectonic features and the lack of any 

evidence for a Mesoproterozoic Greenvillian tectono-thermal event in the Anti-

Atlas and in the WAC, the whole succession was assigned to the 

Neoproterozoic and to the Pan-African rifted-margin of the Anti-Atlas (Leblanc 

et Lancelot, 1980; Saquaque et al., 1989; Leblanc and Moussine-Pouchkine, 

1994), formally named the Tizi n’Taghatine Group in its stratotype area 

(Bouougri and Saquaque, 2004). However, revised stratigraphic framework as 

well as new radiometric ages obtained from interbedded volcanic 

occurrences, mafic sills cross-cutting the lowermost part of the succession, 

and U-Pb ages from detrital zircons, provide evidence for two tectono-

stratigraphic cycles of Upper Paleoproterozoic to possibly Mesoproterozoic 

pre-Pan-African and the Neoproterozoic Pan-African cycle (Letsch, 2018; 

Bouougri et al., 2020). The first cycle extends from the bottom to the 

Tasserda, Taghdout and Oumoula Formations. This is succeeded by the 

Neoproterozoic, subdivided into Tonian strata (~883 Ma) and the ~700 Ma 

Cryogenian Bleïda Formation, interpreted as rift-related and pre-collisional 

foreland basin successions, respectively (Bouougri et al., 2020).  

        The 883 Ma age is obtained from pyroclastic material lying directly above 

the Imi n-Tizi Formation (Bouougri et al, 2020; Fig. 2a). Gradual emergence of 
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volcanic activity and transition into the deposition of the mainly volcanic rocks 

in the Tachdamt Formation from the underlying Wanimzi Formation is 

indicated by the placement of interbedded pyroclastic flow beds in the 

underlying platform deposits. This kind of transition as well as evidence of 

feeder dykes cutting through the platform deposits, collectively suggest a 

Tonian age close to ~883 Ma. Moreover, by considering the maximum 500 m 

thickness of the platform deposits, low sedimentation rates of 0.06 cm year-1, 

the lack of evidence for a time gap, and a high rate of compaction, deposition 

of the entire succession could not have exceed a duration of ~5 million years 

(Bouougri et al., 2020). The platform deposits, including the Wanimzi 

Formation, are part of the start of a global Neoproterozoic cycle that triggered 

the breakup of the Rodinia supercontinent ~900 Ma (Bouougri et al., 2020).  

        In the studied area along the southern margin of the Siroua Inlier (Fig. 

1b), the Pan-African rift-related succession of Tonian age is well exposed in 

the Agoummy section (Fig. 1b). The pre-rift sedimentary strata (Fig. 2a) in 

ascending order, include the Ifarkhs n´Tirsal, Wanimzi, Tamgarda, Agoummy 

and Imi n-Tizi Formations (Bouougri and Saquaque, 2004). This mixed 

siliciclastic-carbonate succession of shallow marine origin, is overlain by the 

syn-rift volcanic Tachdamt Formation. A new minimum age of ~883 Ma has 

been recently suggested for the pre-rift shallow marine mixed siliciclastic-

carbonate deposits (Bouougri et al., 2020). Transition from the above shallow 

platform marine siliciclastic deposits to the overlying volcanic Tachdamt 

Formation shows no evidence of an erosional unconformity or time gap. 

Instead, a sharp contact characterized by remnants of pyroclastic 

occurrences atop of the Imi n’Tizi Formation, indicate stratigraphic continuity 

(Bouougri et al., 2020). The age of the platform deposit is thus considered 

very close to ~883 Ma and not older than ~900 Ma even when low 

sedimentation rates are considered for the platform wedge estimated to be 

~500 m thick in the studied section. These shallow near-continental margin 

sedimentary rocks are thought to record a stable craton margin, which 

underwent major rifting and magmatic events that led to the breakup of 

Rodinia (Bouougri et al., 2020).  

The lithology of the basal Paleoproterozoic Taghdout Formation in the 

studied section is dominated by carbonates and mixed siliciclastic-carbonate 
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rocks, while the early Neoproterozoic Wanimzi and Imi n’Tizi formations 

present fine-grained siliciclastic and heterolithic rhythmic beds, rich in 

sedimentary structures interpreted as reflecting a shallow shelf setting and the 

activities of ancient microbial mats (e.g., Bouougri and Saquaque, 2004; 

Bouougri and Porada, 2002). The heterolithic beds contain biolaminitic thin 

multilayered packages that formed on sand and as cm-thick planar laminated 

layers frequently disturbed by shrinkage cracks. A variety of mat-related 

structures previously identified in these heterolithic layers, in both the 

Wanimzi and Imi n´Tizi Formations, tend to be associated with reticulate 

patterns and microbial shrinkage cracks (Bouougri and Porada, 2002).    

The studied Fe oxide-bearing Wanimzi Formation is a ~120 m thick 

siliciclastic unit dominated by heterolithic deposits showing an overall 

coarsening and shallowing upward trend (Fig. 2). Sedimentary features 

indicate a depositional setting in a storm and wave dominated shallow marine 

ramp (Bouougri and Saquaque, 2004). According to sand-mud ratio and 

facies features, three parts can be distinguished within this formation. These 

consist of (i) a lower mudstone and fine grained siltstone deposited below 

storm wave base (SWB), (ii) a middle heterolithic deposit including beds with 

hummocky cross stratification (HCS) indicating deposition above SWB in an 

outer offshore transition zone, and (iii) an Upper sand dominated sequence 

with amalgamated sandstone beds containing HCS and swaley cross-

stratification (SCS), indicating deposition in the inner part of the offshore 

transition to a lower shoreface zone. The middle part contrasts clearly with 

other deposits and shows a dense red color related to Fe enrichment.  

    

3. Methods 

3.1. Sampling and sample preparation  

In the Agoummy area (Fig. 2b), fresh unweathered samples were collected at 

two key stratigraphic units from the Wanimzi Formation, with focus on the 

undescribed Wanimzi ironstones (Fig. 3) and reference microbial laminated 

samples from the overlying Imi n’Tizi Formations (Fig. 4). The Wanimzi 

Formation was sampled at 5-10 cm intervals at 30°30'0.58"N, 7°41'51.47"W 

and 30°29'57.84"N, 7°41'48.08"W (Fig. 3a-b&d). These well-exposed 
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 8 

outcrops (Fig. 3a-d) can be seen using satellite imagery to be laterally 

exposed for at least ~4 km. 

        Three reference carbonate samples were also collected from outcrops of 

the underlying older Paleoproterozoic (>1640 Ma) Eburnean basement at the 

Taghdout Formation and four from the well preserved stromatolite-rich 

siliciclastic rocks of the uppermost Imi n’Tizi Formation (Fig. 4a) described in 

Bouougri et al. (2002, 2007). The Taghdout carbonates and the Imi n’Tizi 

silicate rocks were sampled to provide Fe-poor references for comparison 

with the Fe-rich lithologies and to enable the interpretation of the transitional 

events that led to the onset and termination of the deposition of the Wanimzi 

ironstones. Representative stromatolitic units sampled from the Imi n’Tizi 

Formation consist of twisted biolaminations (S1), horizontal beds with no 

laminations (S2), consistent millimeter-thick bands (S3) and flat visible 

horizontal biolaminations (S4). Samples were collected for redox 

reconstruction, thin-section petrography, mineralogy, trace element (TE) and 

rare earth element (REE) analyses, C and Fe isotope measurements. 

 

3.2. Petrography and mineralogy 

Before analysis, samples were shaved with a saw and exposed surfaces in 

contact with the atmosphere discarded. Polished thin-sections were prepared 

using standard rock-polishing laboratory procedures in the School of Earth 

and Ocean Sciences, Cardiff University. Portions of identical shaved thin-

sectioned rock pieces were pulverized to a fine powder for geochemical 

analysis using a jaw crusher and by disc milling. Polished thin-sections for 

representative samples were examined for mineralogy and textural 

relationships under reflected and transmitted light microscopy using a Nikon 

ECLIPSE E600 POL microscope equipped with a Nikon Digital Sight DS-U1 

camera at the University of Poitiers, France. Whole rock X-ray diffraction 

(XRD) mineral analyses were performed on powdered samples with a Bruker 

D8 ADVANCE diffractometer using CuKα radiation operating at 40 Kv and 40 

mA and step size of 0.025/s between 2-65 °2θ angular ranges.  

 

3.3. Trace and Rare Earth Element analysis 
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Bureau Veritas© (Vancouver, Canada) procedure code LF100-EXT was used 

to measure the concentration of 45 TEs and REEs in 0.2 g powdered 

samples. The samples were digested by lithium borate (LiBO2/Li2B4O7) fusion 

and solutions analyzed by Inductively Coupled-Mass Spectrometry (ICP-MS). 

Lithium borate fusion is an aggressive chemical digestion process that 

effectively dissolves most refractory and resistant mineral phases, ensuring 

complete dissolution of powdered samples. Total Fe was measured by UV-Vis 

spectrometry using Stokey’s ferrozine test as part of the Fe speciation 

protocol described in Poulton and Canfield (2004) and in section 3.4. Post 

Archean Australian Shale (PAAS) was used for REE+Y normalization 

(McLennan, 1989) and REE+Y anomalies are calculated as described 

previously (Bau and Dulski et al., 1996; Planavsky et al., 2010). 

 

3.4. Fe-based redox reconstruction 

Redox reconstruction was obtained by application of the widely used Fe-

based methodology for the reconstruction of bottom water redox conditions in 

modern and ancient siliciclastic and carbonate depositional environments 

habitats (Poulton and Canfield, 2005; Clarkson et al., 2014; Raiswell et al., 

2018). This method allows the allocation of the Fe mineral phases into seven 

operational pools, divided into highly reactive ferric Fe and pyrite Fe phases 

(FeHR), poorly reactive sheet silicate Fe and Fe in unreactive silicate (Poulton 

and Canfield, 2005). Samples were screened to contain >0.5 wt% Fe – a 

minimum threshold recommended to correct for variations in sedimentary Fe 

concentrations and dilution by detrital materials (Poulton and Canfield, 2005; 

Clarkson et al., 2014; Raiswell et al., 2018). 

 

3.5. Carbon and oxygen isotopes 

Organic carbon (Corg), carbonate carbon (Ccarbonate) and carbonate O isotopes 

(Ocarbonate) were co-measured on a Thermo Delta V Advantage mass 

spectrometer. The instrument is connected to a Thermo gasbench II for 

headspace sampling Ccarbontes), while a Thermo Flash EA with Conflo III allows 

for the combustion of organic samples. The δ13C and δ18O are reported in the 

delta notation using the Vienna-Pee Dee Belemnite (VPDB) standard. The 
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Corg and inorganic carbon content was estimated from a regression equation 

for signal intensity against the amount that was established for standard 

materials with known composition. Powdered samples were weighed into 

septum vials flushed with helium, acidified with 99 % orthoposphoric acid, and 

left to react for 24 hours at 60 °C to ensure complete reaction of dolomite. The 

long-term precision of an in-house Carrara marble standard has been 

estimated to 0.05 ‰ for both δ18O and δ13C (1sd). To eliminate inorganic 

carbon, prior to measuring Corg concentrations and δ13Corg isotopic 

distribution, samples were acidified in 10 % HCl and reaction left for two days. 

Residual acids was removed by washing the treated samples three times with 

ultrapure double distilled water. Sixty to eighty mg of samples were analysed 

for Corg. The total Corg analysed was as low as 10 µg because of low Corg 

content. Three standards were used to calibrate the accuracy of these small 

sample concentrations: IAEA-CH6 [δ13C=-10.449 ‰], IAEA-6oo [δ13C=-

27.771 ‰], and an in-house caffeine [δ13C=-33.30 ‰]) and were dissolved in 

de-ionised water to improve homogeneity and to allow accurate dosing of 

small aliquots using a micropipette. Results for IAEA-CH6 and the in-house 

caffeine were used to estimate a correction function for sample size and size-

dependent 2-point normalisation, which was applied to IAEA-600 as the 

independent standard. The resultant precision is dependent on sample size. 

The long-term precision for δ13C was 0.09 ‰ (1sd) for routine samples 

containing ≥100 µg C. However, the standard deviation increases with 

decreasing sample size, to 0.38 ‰ for aliquots with 10 - 30 µg C as measured 

for the present study (IAEA-600, N=15). 

 

3.6. Fe isotopes 

Samples were dissolved by standard acid digestion using concentrated HF, 

HNO3, and hotplates in acid washed Teflon beakers, and purified through 

polypropylene pipette tips chromatographic columns containing a 500 μl AG1-

X4 anion exchange resin (Millet et al., 2012). Fe isotopes were measured at 

IFREMER, France, on a Thermo Scientific Neptune MC-ICP-MS set on 

medium or high-resolution mode as described in Rouxel et al. (2018). 

Analysis included sample-standard bracketing and internal normalization 

using Ni with a known isotope ratio and an internal precision of 0.04-0.09‰ 
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(2sd) for 100 ng of recovered Fe (Rouxel et al., 2018). Data are reported as 

δ56Fe and δ57Fe ratios in parts per thousand deviations from the IRMM-014 

standard. More than 50 replicates of the Hawaiian basalt internal standards 

BHVO-1 and BHVO-2 using this method yielded average δ56Fe values of 0.09 

± 0.07‰ (Rouxel, 2018). 

 

4. Results 

4.1. Field observations and sedimentary features 

The Fe-rich layers in the Wanimzi Formation often occur as oxidized red to 

purple cm-thick beds alternating with heterolithes and thin storm beds with 

HCS (Fig. 3a-c). In the lower part of Wanimzi Formation (Fig. 2b, 3d), several 

isolated decimeter-thick storm beds of Fe-rich sandstones were observed, 

some of which preserve artisanal digging trenches running parallel to the 

mineralized layers. The heterolithic beds are composed of silt, sand, and 

microbial biolaminated layers similar to the overlying Fe-poor Imi n´Tizi 

Formation (Fig. 4), indicating deposition of both successions above a storm 

wave base, in a shallow marine setting. Well-developed and previously 

described siliciclastic stromatolites, marked by prominent flat to large domal 

shaped morphologies (Bouougri and Porada, 2011), appear in the Imi n´Tizi 

fine-grained siliciclastic Formation (Fig 4g-h).  

Several mat-related structures dominated by Kinneyia-type wrinkled 

structures, ripples, spindle-shaped and sinusoidal cracks, and sandstone 

chips were recognized within the heterolithic facies in the Wanimzi and Imi 

n´Tizi Formations (Fig. 4). The Kinneyia-type wrinkled structures in both 

formations occur on the upper surfaces of sandstone beds, and are 

characterized by mm-thick structures twisted into flat-top crests separated by 

round bottom troughs and pits that are comparable in size (Fig. 4c). Ripple 

marks on the top of several sandstone beds (Fig. 4a-b) are colonized and 

stabilized by thin or thick microbial mat layers (Bouougri and Porada, 2002). 

Spindle-shaped and sinusoidal cracks (Fig. 4d), equally abundant in the 

Wanimzi and Imi n´Tizi Formations, were associated with mm-laminated 

argillite, sandstones and silty sandstones that are sometimes formed on the 

upper surfaces of sandstone beds free of mud trappings (Fig. 4e). These 

structures present a great variety in size and shape, including sub-circular, 
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crescent-shaped and sinusoidal cracks observed on the upper bedding 

surfaces of fine-grained quartzite and siltstone layers. Structures related to 

microbial mat colonization and upper veneer stabilization of sand bedding 

surfaces occur as current deformation features and flat microbial sand clasts 

(Fig. 4e-f). The association of these features with large ripple slabs made up 

of sandstone confirms the deposition of the Imi n’Tizi Formation in a shallow 

marine environment. Horizons with sandstone chips and characterized by 

well-rounded to ellipsoidal flat-shaped features appear abundantly in the basal 

units of the medium to fine-grained quartzite layers. 

Beginning with the microbial mat-rich Imi n’Tzi Formation that marks the 

top of the studied package, the layers are composed of two distinct sediment 

types, typified by sharp coarse and fine-sediment layers (Fig. 5a-b). The 

siliciclastic stromatolites consist of mat-growth structures made up 

predominantly of moderately compacted and well-sorted quartz-dominated 

silty-sandstone layers alternating thin mud/shale laminae, consisting of micas 

and dominated by muscovite and illite (Fig. 5a-b; Table 1; Appendix A-B). The 

quartz coarse grains are detrital, while the fine-grained layers have been 

suggested to be fossil remains of ancient microbial mat layers according to 

several mat-related features preserved on bedding surfaces (Bouougri and 

Porada, 2002). This simple repetitive architecture of coarse siliciclastic layers 

alternating with thinner fine-grained siliciclastic beds was observed on all 

sections investigated. Well-sorted, rounded, angular to sub-angular, silt-sand-

sized quartz grains cemented in an Fe-rich matrix, are a unique characteristic 

and distinguishing hallmark of the Wanimzi Formation (Fig. 5c-f). 

 

4.2. Mineralogical characterization 

Thin section analysis of the Fe-rich lithologies in the Wanimzi Formation (Fig. 

5) is consistent with the mainly siliciclastic composition of near continental 

margin Neoproterozoic deposits in the Moroccan Anti-Atlas Mountains.  

Although hematite and quartz are present in all lithologies, their predominant 

character is restricted to the Wanimzi ironstones (Appendix C-E & H-J), while 

quartz predominates the stromatolitic lithologies of the Imi n’Tizi Formation 

(Appendix A-N). The Taghdout Formation consists primarily of ooid-peloid 

grainstone cemented in a mainly quartz-carbonate matrix composed of 
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calcite, dolomite, minute hematite concentrations, feldspars, and illite/mica 

clays (Fig. 5g-i; Appendix F,G, L). The ooids are made of microcrystalline 

calcitic laminae with radially arranged calcite crystals and dark Fe enriched 

thinner laminae. Relics of oolites were identified showing the dissolution of the 

original structure and its replacement by drusy calcite crystals, indicating a 

neomorphism process (Fig. 5g-i; Appendix F,G, L).  

 

4.3. Trace element (TE) geochemistry 

Out of the 45 elements analyzed, Fe is the most enriched across all lithologies 

(Fig. 6; Table 2). Co, V, U, As, Sb are pronounced in the ironstones which 

record varying Cu enrichment and Mo depletion, compared to average 

concentrations in the siliciclastic stromatolitic and carbonate-rich rocks (Table 

2; Fig. 6a-d). Cd was below the detection limit of 0.1 ppm in both the 

siliciclastic stromatolitic and hematite-rich rocks while averaging 0.37 ppm in 

the underlying carbonate-rich facies. Average As concentrations in the 

Wanimzi ironstones were 18.2, 8.8, and 19.4 times in excess of those 

measured in the overlying siliciclastic facies, the underlying siliciclastic 

carbonates and average upper continental crust values, respectively. These 

values were much lower for the siliciclastic and carbonate lithologies relative 

to the upper continental crust by a factor of 1.1 and 2.2, respectively. As and 

Sb expressed similar curves in all samples (Fig. 6a&d). Fe concentrations of 

up to 61.7%, averaging 22.4% (n=18) (Table 2) qualify the Wanimzi 

ironstones as an Fe formation based on the definition of a chemical 

sedimentary sequence containing >15% Fe (see for example Bekker et al., 

2010).  

The average Fe content in the ironstone lithologies are up to a factor of 

34, 21, and 64 in excess of the average concentrations in the representative 

samples from the reference siliciclastic stromatolite-rich Imi n’Tizi Formation, 

the Taghdout siliciclastic carbonate facies, and the upper continental crust 

average reported by McLennan (2001), respectively (Table 2). Moreover, Fe 

and quartz are often inversely related in the Fe-rich rocks (Fig. 6e), but Fe 

remained generally below 1.0 wt.% in the stromatolitic and carbonate-rich 

layers. Zn/Co ratios largely decreased from the carbonates through to the 

overlying Neoproterozoic siliciclastic stromatolitic succession (Fig. 6f). Mo/W 
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ratios are generally low (Fig. 6g). Th/U ratios are relatively low in the Fe-rich 

sequences compared to the reference overlying and underlying Fe-poor 

samples (Fig. 6h). 

 

4.4. Carbon content, and carbon and oxygen isotope distribution 

Corg concentrations are generally low, ranging from 0.01 to 0.06 wt% across 

the sequence, with the highest values associated with the Taghdout 

carbonates (Fig. 6i; Table 3). The average value of Corg is 0.02±0.0008 wt%, 

0.05±0.012 wt%, and 0.01±0.004 wt% in the ironstones, carbonates, and 

stromatolitic mats, respectively. The isotopic distribution of δ13Corg range from 

-33.03‰ to -22.93‰, averaging -29.8±2.22‰, -27.42±0.99‰, and -

29.49±1.85‰ in the Fe-rich, the carbonates, and the stromatolitic lithologies, 

respectively. The lowest and highest single δ13Corg values are recorded in the 

Fe-rich rocks (Fig. 6j; Table 3), while the rare occurrence of carbonates in the 

Fe-rich rocks is consistent with XRD data, except for sample AG14 with a 

carbonate concentration of 0.21 wt% and associated δ13Ccarbonate and 

δ18Ocarbonate values of -8.72‰ and -12.79‰, respectively, (Table 3). The 

carbonate-rich lithologies have high carbonate concentrations between 50 

and 75 wt%, with measured δ13Ccarbonates and δ18Ocarbonate values ranging from 

-0.77‰ to 0.11‰ (average = -0.28±0.45‰) and -14.5 to -13.28‰ (average = -

14.03±0.65‰), respectively (Table 3). 

 

4.5. Rare Earth Elements (REEs) 

Post Archean Australian Shale (PAAS) normalized REE patterns are 

generally similar for the siliciclastic biolaminites and Taghdout carbonate 

lithologies, but largely different for the Wanimzi ironstones (Fig. 7a-c). The 

three facies types show pronounced seawater influences consistent with 

LREE depletion, strong Ce depletion and sporadic Y enrichment (Table 4; Fig. 

7). There is pronounced enrichment of Nd, Sm, Eu, Gd, Tb, and Dy relative to 

Ho and Tm depletion in some of the ironstone lithologies that distinguishes 

the ironstone deposits from the underlying and overlying Fe-poor rocks (Fig. 

7). REE cross plots, including Zr  and Th, show selective enrichment patterns 

that may be related to provenance (Fig. 8).  
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PAAS normalized Eu anomalies corrected for anomalously high 

sedimentary Gd concentrations, (Eu/Eu*)SN1, averaged (±standard deviation 

from the mean) 1.13±0.09, 1.24±0.08, and 1.04±0.03 for the Taghdout 

carbonate facies, the ironstones, and the siliciclastic stromatolitic rocks, 

respectively (Fig. 9a). When corrected for elevated Tb, (Eu/Eu*)SN2 averaged 

1.14±0.08, 1.16±0.09, and 1.09±0.08 for the ironstones, the siliciclastic 

stromatolitic and Taghdout carbonate facies, respectively, with corresponding 

averaged LREE/HREE ratios of 3.37±0.59, 2.12±1.23, and 3.96±0.90, 

respectively. The average Y/Ho ratios for the ironstones, the siliciclastic 

biolaminites, and Taghdout carbonate facies are 27.45±1.14, 28.40±2.80, and 

27.50±1.78, respectively (Fig. 9b), which are relatively close to a typical 

crustal and clastic sediment molar ratio of 28, suggesting a strong siliciclastic 

detrital influence on the REE composition of the sediments. The average Y/Ho 

ratios reflect lowered reactivity of Y by the presence of siliciclastic material, 

which as expected, tends to be lower compared to non-siliciclastic deposits 

(McLennan, 1989; Bau et al., 1997; Planavsky et al., 2010; Halverson et al., 

2011).  

LaSN anomalies (La/Yb)SN are typically positive with average values of 

1.07±0.27, 0.85±0.62, and 0.95±0.26 for the Taghdout carbonates, the Fe-rich 

deposit and the siliciclastic mats, respectively (Fig. 9c), compared to 

Precambrian Fe formation values that are typically vary between 0.10 and 

0.89  (Planavsky et al., 2010). (Tb/Yb)SN average values are 0.96±0.10, 

1.68±0.67, and 0.79±0.09 whereas (Pr/Yb)SN have averages of 0.90±0.20, 

0.84±0.51, and 0.91±0.24 for the Taghdout carbonates, the Fe-rich deposit 

and the siliciclastic mats, respectively (Fig. 9d). The (Sm/Yb)SN ratios 

averaged 0.98±0.096, 1.18±0.31, and 0.77±0.14 for the Taghdout carbonates, 

the Fe-rich deposits and the siliciclastic biolaminites, respectively (Fig. 9e), 

while the (Eu/Sm)SN averages for the Taghdout carbonates, the Wanimzi 

ironstones and the siliciclastic biolamnites are 0.96±0.096, 1.14±0.31, 

1.06±0.06 respectively (Fig. 9f). GdSN anomalies [(Gd/Gd*)SN 

=GdSN/(0.33SmSN+0.67TbSN)] have average values of 0.92±0.02, 1.13±0.13, 

and 0.91±0.06 for the Taghdout carbonates, the ironstones and the 

siliciclastic stromatolites, respectively (Fig. 9g). The strong positive GdSN 
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anomalies for the Wanimzi Fe-rich deposit is consistent with those found in 

many Precambrian IFs.  

 

4.6. Redox reconstruction 

With the exception of two samples, the three successions (Fig. 9a) display 

pronounced true cerium anomalies (Ce/Ce*). However, redox reconstruction 

using Fe-based redox proxy points to mainly ferruginous and anoxic bottom 

water during the deposition of the ironstones and the carbonate lithologies, 

with full water column oxygenation limited to the Fe-poor stromatolitic 

reference rocks (Fig. 10b-c).  

 

4.7. Fe Isotopes 

Bulk δ56Fe distribution in the stromatolitic and the Wanimzi Fe-rich lithologies 

range from 0.45‰ to 0.61‰ and -0.41‰ to 0.35‰ with means of 0.52‰ and -

0.03‰, respectively (Fig. 11a-b; Table 3). With a fractionation factor of 0.55‰ 

(i.e., Δ56Fe=δ56Festromatolitic unit - δ56FeFe-rich units), the data show that the 

siliciclastic stromatolitic rocks are δ56Fe enriched compared to the Fe-rich 

units. At <5 wt.% Fe concentration, δ56Fe values become increasingly 

positive, and at 5 wt.% Fe concentration, they switch towards being more 

negative, with the exception of sample AG08 and AG12 (Fig. 11c). 

 

5.0. Discussion 

5.1. Sediment mineralogy and paragenesis 

The primarily siliciclastic composition of the three studied successions, 

differing only in their Fe, quartz, and carbonate contents, suggests formation 

of these deposits in a stable shallow marine platform environment (e.g. 

Schofield et al., 2006; Ennih and Liegeois, 2008; Jessell et al., 2016). The 

heterolithic bedding planes and the abiotic and biotic structures common in 

both the Wanimzi and the Imi n´Tizi Formations are consistent with their 

previously described deposition in a shallow marine setting marked by 

intermittent desiccation intervals characterized by shrinkage cracks (Bouougri 

and Porada, 2002). The high siliciclastic content of the studied successions 

characterized by well-sorted, angular, rounded grains that range in size from 
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fine to coarse clasts, and the presence of extensive ripple marks and 

desiccation cracks, are typical features of peritidal environments.  

The studied ironstone facies lack typical mineral assemblages 

associated with late stage diagenesis and metamorphism. Secondary mineral 

phases such as Fe carbonates, often interpreted to be products of reductive 

transformation of ferric Fe during burial diagenesis and lithification, could not 

be detected by XRD, consistent with a low Fe carbonate signal obtained by 

the sequential Fe extraction method. Collectively, this observation suggests 

that the emergence of more energetic electron donors such as nitrate in post-

GOE seawater (e.g., Stüeken et al., 2016) may have subdued DIR bacteria 

activity relative to the Archean. For instance, Archean IFs record high Fe 

carbonate concentrations compared to the simpler and mainly hematite-rich 

mineralogy of Proterozoic and Phanerozoic IFs (Bekker et al. 2010, Chi Fru et 

al., 2013; Lechte et al., 2018). Negligible post-depositional transformation is 

further evidenced by the mainly hematite cement considered to reflect primary 

to early diagenetic sedimentary features in Fe formations (Chi Fru et al., 2013, 

15b, 2018a; Sun et al., 2015; Halverson et al., 2011). Mineralogical and 

microscopic analyses, combined with Fe speciation data, suggest primary and 

diagenetic pyrite deposition is imperceptible across the succession and no 

evidence was found to support pyrite oxidation as the source of ferric Fe in 

the rock. Significant sulfide production is expected to inhibit ferric Fe 

deposition through rapid chemical reaction with ferrous Fe, combined with 

abiotic ferric Fe reduction by sulfide (Wensheng and Millero, 1996; Poulton et 

al., 2004). The floating of silty grains in the Fe-rich cement and the occurrence 

of hematite, together with indiscernible grain replacement and transformation 

of the primary hematite (Figs. 5c-d; Appendix C-D), point to minimal 

compaction diagenesis and to the syngenetic origin of hematite in the Fe-rich 

Wanimzi ironstones. Combined with trace element and REE analyses and as 

discussed further below, collectively the data do not  support a subterranean 

or potential groundwater supply of Fe to the basin during the formation of the 

Wanimzi ironstones. 

The δ13Corg values, supported by the preservation of stromatolitic mats, 

suggest all three successions were associated with photosynthetic activity. 

The similar average δ13Corg values for the Fe-rich and stromatolitic layers 
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differ from the underlying Taghdout carbonates by 2.4‰ and 2.0‰, 

respectively. We propose that similar carbon cycling processes were involved 

in the deposition of the early Neoproterozoic Waminzi Fe-rich units as in the 

siliciclastic stromatolitic rocks. The very negative δ13Ccarbonate values of the 

underlying Taghdout Formation suggest negligible burial of photosynthetic 

Corg, which is demonstrated by the low Corg concentrations recorded at this 

time. It is also possible that the extreme negative δ13Ccarbonate values reflect 

authigenic activity of the methane oxidizing bacteria (Schrag et al., 2013). 

There is no evidence in our dataset to suggest carbonate weathering as a 

mechanism that produced the large negative δ13Ccarbonate excursion (Shields et 

al., 2017). 

 

5.2. Hydrothermal versus seawater contribution  

5.2.1. Insights from REE Systematics 

REEs are reliable source tracers of sedimentary deposits. Being largely 

immobile in aqueous solution, they tend to behave conservatively during 

sediment formation (Taylor and McLennan, 1985). For example, La/Sm and 

Gd/Yb ratios normalized to upper continental crust values are frequently used 

as sediment source indicators (e.g., Wani and Mondal, 2011). Shale 

normalized Ce (CeSN) depletion is assumed to be a seawater and redox 

proxy, and EuSN enrichment, a hydrothermal marker as well as a weathering 

proxy (Bau and Dulski, 1996; Singh and Rajamani, 2001; Shields et al., 2004; 

Bau and Koschinsky, 2009). The depletion of CeSN across the studied 

succession thus provides significant evidence for major seawater involvement 

in the origin of the studied facies (e.g., Tostevin et al., 2016). This conclusion 

is corroborated by independent sedimentological evidence that has long 

alluded to a marginal sea setting for the studied facies (e.g., Hefferan et al., 

2000; Bouougri and Saquaque, 2000, 2004; Ennih and Liégeois, 2001; 

Thomas et al., 2004; Bouougri and Porada, 2002, 2010; Bouougri et al., 

2020).  

The statistically supported positive correlations between Nd (usually of 

hydrothermal or seawater origin) and Pr and Th (both often depleted in 

hydrothermal fluids) and Ce (of either hydrothermal or seawater provenance) 

and Pr (Bau and Dulski, 1996, 1999; Planavsky et al., 2010), suggest a 
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predominantly seawater origin for Ce. The positive correlation between Ce 

and the non-hydrothermal Pr, combined with the pronounced seawater CeSN 

signal, provide robust support for the latter proposition. Similarly, the lack of 

correlation amongst the three REEs - Nd vs Ga and Nd vs Eu (Fig. 8d. h), 

which are commonly enriched in hydrothermal fluids (German and Seyfried, 

2014), again suggest REE contributions from seawater, probably as 

adsorbates of the abundant siliciclastic detritus. The latter proposal is 

consistent with the strong positive correlations of Ce vs. La and Ce vs. Nd 

(Fig. 8e-f), which hint that both La and Nd may be of a strong seawater origin. 

Typically, EuSN enrichment is attributed to hydrothermal activity (e.g., Douville 

et al., 2002; Tivey, 2007; Planavsky et al., 2010; German et al., 2014). 

However, the subtle positive enrichment of EuSN in the samples coupled to the 

moderate positive correlation between Eu and the non-detrital Zr (Fig. 8I), 

point to up to 58 % of Eu being associated with the siliciclastic material.  

Increasing depletion of HREEs relative to LREEs, typically interpreted as 

evidence for hydrothermal influence, has been reported for Fe formations 

across Earth history (e.g., Planavsky et al., 2010; Bau, 1996; Ganno et al., 

2017). For example, hydrothermal fluids emitted by modern deep-sea vents 

are generally enriched in LREE (Mitra et al., 1994; Bau and Dulski, 1999; 

Craddock et al., 2010), whereas enrichment of HREEs relative to LREEs is a 

common feature of the modern oxygenated seawater (e.g., Bau et al., 1997; 

Bolhar et al., 2007) but has also been recorded in hydrothermal fluids in a few 

cases (e.g., Klinkhammer et al., 1994; Douville et al., 1999). Non-siliciclastic 

Precambrian Fe formations with pronounced HREE enrichments also contain 

positive (Eu, La, Y and Ga)SN anomalies (Bau and Dulski, 1996). We propose 

that the fluctuating LREE/HREE ratios recorded in the Wanimzi ironstones 

reflect varying degrees of the mixing of hydrothermal fluids with seawater.  

Because the entire sample set is characterized by detrital loading, the 

unique trends in the ironstones cannot be related to an anomaly attributable to 

detrital contamination relative to the reference underlying and overlying rocks, 

which are also composed of siliciclastic detritus. We therefore interpret the 

above observations to reflect long distance transportation and thorough 

mixing of the Fe-rich fluids with seawater, followed by delivery and deposition 

on the margin of the WAC (Fig. 13). The data also imply that the seawater 
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chemical conditions on the WAC margin were radically different from those at 

the source and during transportation, to enable the quantitative precipitation of 

dissolved Fe from seawater and transformation into ironstone. 

 

5.2.2. Insights from trace element systematics 

The Wanimzi Fe-rich lithologies are enriched in key redox sensitive elements, 

such as As, V, Co, Sb, and Fe, that are typically concentrated in submarine 

hydrothermal fluids by up to eight times relative to modern seawater 

concentrations (e.g., Douville et al., 2002; Tivey, 2007; German and Seyfried, 

2014). This would have been more significant in the Precambrian oceans that 

experienced much higher levels of hydrothermal activity. For example, Fe 

supplied by submarine hydrothermal fluids is suggested to be a major source 

of Fe to Precambrian seawater (see for example Bekker et al., 2010), with 

values in excess of 103 ppm reported for fluids from present-day mid-ocean 

spreading ridges (Tivey et al., 2007).  

       Evidence shows that, despite the observed loss of reduced Fe escaping 

from modern hydrothermal vents and during plume dispersal through rapid 

chemical reactions with oxygenated seawater, the loss of Fe is much slower 

than previously thought (see Gartman and Findlay, 2020, for a review). The 

stabilization of Fe through binding with organic matter, inorganic 

nanoparticles, organic and inorganic colloids results in Fe being transported 

thousands of kilometers across the open modern ocean (Bennett et al., 2008; 

Toner et al., 2009; Sander and Koschinsky, 20011; Yücel et al., 2011; Resing 

et al., 2015; Fitzsimmons et al., 2017; Lough et al., 2019). However, the 

higher mobility of Fe in the predominantly anoxic Precambrian seawater 

would have allowed for more stable transportation of Fe across oceans and 

for thorough mixing with seawater. Because shallow oxygenation of the 

surface ocean was prevalent at this time, contact with oxic marginal seawater 

would have promoted the precipitation and burial of hydrous ferric 

oxyhydroxides and their diagenetic products in the affected shallow water 

sediments. Fe concentrations of up to 105 ppm are recorded in the continental 

platform sediments in the Wanimzi Formation (Table 2), being about a factor 

of two greater than the concentrations in modern submarine hydrothermal 

systems (Tivey, 2007; German and Seyfried, 2014).  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 21 

        The variation in Fe and quartz content in the Fe-rich lithologies point to 

related changes in the intensity of the delivery of Fe-rich fluids to seawater 

(see for example Chi Fru et al., 2013; 2018). For instance, Zn/Co ratios with 

high and low values associated with hydrothermal and detrital influence, 

respectively (Toth, 1980; Halverson et al., 2011), largely decreased from the 

carbonates through to the overlying Neoproterozoic siliciclastic stromatolitic 

succession (Fig. 6f). Mo/W ratios, a measure of sediment formation from 

sulfide-rich fluids due to the high reactivity of Mo towards sulfide relative to W, 

are generally low (Fig. 6g), This observation suggests potential precipitation of 

particle-reactive thiomolybdate with sulfide minerals near the source of the 

Fe-rich fluids and subsequent precipitation of W enriched in the migrating 

plume relative to Mo with primary ferric Fe minerals on the oxygenated 

continental margin (see for example Mohajerin et al., 2016; Bauer et al., 2017; 

Dellwig et al., 2019).  

         The higher enrichment of W in the Fe-rich facies relative to the upper 

continental crust, the siliciclastic stromatolitic, and Taghdout carbonate rocks, 

support a significant supply of W to the basin by hydrothermal activity (Table 

2). Consistent with the latter observation, the Fe-rich samples are ~2 and 4 

times more enriched in W than the siliciclastic stromatolite-containing and 

carbonate facies, respectively (Table 2). Similarly, the strong enrichment of As 

and Sb in Fe-rich layers relative to the siliciclastic layer, the carbonates and 

upper continental crust are similar to those for Fe, consistent with a suggested 

hydrothermal original of these elements (e.g., Breuer and Pichler, 2013; Feely 

et al., 1991; 1998, Chi Fru et al., 2013; Zeng et al., 2018; Table 2). The latter 

proposition is supported by a clear lack of similar significant enrichment of As, 

Sb, and Fe in the siliciclastic and carbonate layers relative to the upper 

continental crust. (Table 2). Th/U ratios frequently used as a redox proxy 

whereby U is enriched in deoxygenated sediments relative to Th (Kerrich et 

al., 2013; Manikyamba, 2018), are relatively low in the Fe-rich sequences 

compared to the reference overlying and underlying Fe-poor samples (Fig. 

6h). 

        The above observations suggest intense and prolonged hydrothermal 

activity linked to an Fe-rich source that enabled significant Fe enrichment in 

the fluids that deposited the Wanimzi ironstones on the coast of the WAC. 
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The Fe concentrations were probably much higher in the pristine 

hydrothermal fluids emerging from the vents, given that substantial quantities 

of Fe would have been precipitated with hydrothermal sulfides near the vents 

as commonly observed at various modern hydrothermal vent fields. 

Combined, the Fe-rich fluids that formed the Wanimzi ironstones and the 

sharp absence of ironstones in the underlying and overlying successions 

suggest sudden initiation and termination of the of supply Fe-rich fluids to the 

WAC during deposition of the unique Wanimzi ironstones. Intriguingly, this 

proposition is consistent with the suggested age of the Wanimzi Formation 

being coincident with the inception of rifting and breakup of the Rodinia 

supercontinent dated at 920-890 Ma in many Proterozoic cratons (e.g. Evans 

et al., 2016; Zhou et al., 2018; Baratoux et al., 2019; Chavez et al., 2019) and 

in the Anti-Atlas at 883 Ma (Bouougri et al., 2020). Such widespread rifting 

event and supercontinent breakup would have inevitably led to the 

development of active submarine hydrothermal vent complexes. 

In addition to Fe, prominent hydrothermal metals like Co, As, V, Sb, Pb 

and Cu (Tivey, 2007; Beuer and Pichler, 2013; German and Seyfried, 2014; 

Rouxel et al., 2018), show variable but stronger enrichments in the Wanimzi 

ironstones compared to the Fe-poor reference sequences (Fig. 6; Table 2).  

For instance, the concentration of As in the ironstones is up to 80 times 

greater than the 3000 times As concentrations discharged by some modern 

back and Island arc basin shallow submarine hydrothermal fluids compared to 

unadulterated seawater levels (e.g., Breuer and Pichler, 2013). Importantly, 

Fe-hematite sedimentary rocks deposited from these pristine high As-

containing submarine As-rich hydrothermal fluids are reported to record 

similar anomalously high As concentrations (e.g., Chi Fru et al., 2013). Even 

more interestingly, the As concentrations in the Fe-rich lithologies are up to 

1400 times in excess of concentrations in hydrothermal fluids from the East 

Pacific Rise and 4600 times over the values reported for the Mid-Atlantic 

Ocean Ridge (Breuer and Pichler, 2013). Further, the average As 

concentration in the Fe-rich lithologies is 18 and 9 times above those present 

in the overlying siliciclastic and underlying carbonates in the Taghdout 

Formation, respectively. This observation is most parsimoniously interpreted 

to represent the levels of As concentrations in the waters that formed the 
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different successions based on the assumption that the Fe content of the 

sediments did not skew the data towards the enrichment of As by the ferric Fe 

in the Wanimzi Formation. This appears not to have been the case 

considering that the As/Fe ratios in these sediments are generally 

homogenous across the entire succession (Appendix O). Moreover, the 

comparable behaviors of As and Sb (Fig. 6a-b) across the studied 

successions have previously been related to water mass type and interaction 

with rocks by hydrothermal fluids and migrating hydrothermal plumes emitted 

by active vents (Wu et al., 2017; Zeng et al., 2018). Importantly, 63 % of the 

As in the Fe-rich lithologies is explained by a positive covariance with Fe (Fig. 

12a), similar to observations between hydrothermal ferric Fe and As (e.g., 

Feely et al., 1991; Chi Fru et al., 2015). Similar to the behavior of 

hydrothermal ferric Fe and V, a positive correlations was observed between V 

and Fe in the ironstones (Fig. 12b; Feely et al., 1998). Only a weak positive 

correlation was observed for Fe, Cu, and none for Mo. As and Mo showed a 

strong positive correlation (Fig. 12c), suggesting they likely had the same 

hydrothermal source considering that both can be strongly enriched in 

hydrothermal fluids (German and Seyfried, 2014). However, the lack of 

correlation between Fe and Mo implies that precipitation of Mo into the 

ironstones may have been independent of ferric Fe precipitation. 

The As data suggest that the microbial communities associated with the 

water mass that formed the Fe-rich lithologies would have had to combat the 

dramatic effects of arsenic toxicity, which include inhibiting the synthesis and 

function of proteins by As(III) in reducing environments and cell phosphate 

uptake and metabolism by As(V) in oxygenated habitats (Cervantes et al., 

1994; Smedley and Kinniburgh, 2002). Such a scenario would have impeded 

primary production, as is common in modern oceans, compared to the 

reference arsenic-poor settings. This would have had major implications for 

carbon fixation, organic carbon burial, and oxygenation by the activities of the 

marine cyanobacteria (Dyhrman and Haley, 2011; Wurl et al., 2013; Saunders 

and Rocap, 2016; Giovannoni et al., 2019). However, a full set of arsenic 

detoxifying genes believed to have been present by the earliest Tonian Period 

(Chen et al., 2020), together with widespread mechanisms for controlling 

genes that select for phosphate at the expense of As(V), would have 
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alleviated this situation to some extent. These genes have been shown to be 

abundant in a modern submarine hydrothermal system exposed to 

hydrothermal fluids containing 3000 times more As than seawater 

concentrations (Chi Fru et al., 2018b). This would have partially mitigated As 

toxicity when the deep-sea deoxygenated hydrothermal As-rich fluids rose 

and mixed with the shallow seawater on the coast of the WAC, possibly 

supporting asentrophic microbial activity in the deoxygenated waters 

(Visscher et al., 2020). Similarly, key nutrients like Mo and V, critical for 

nitrogen fixation and thus primary production in the early oceans (Zhang et al., 

2014), would have equally contributed to maintaining a good degree of 

primary production as reflected by the photosynthetic δ13Corg proxy signature 

preserved in the ironstones. 

 

5.2.3. Insights from Fe isotope systematics 

The δ56Fe values of modern sulfide-rich hydrothermal fluids at seafloor mid-

ocean ridges typically range from -1.26‰ to -0.14‰ with a reported  average 

of -0.52‰ (Sharma et al., 2001; Severmann et al., 2004; Bennett et al., 2009; 

Li et al., 2017; Rouxel et al., 2016). These δ56Fe-depleted values are 

balanced by enriched seawater δ56Fe ratios that vary from -0.64‰ to up to 

0.80‰ with an estimated average of 0.34‰ (Bennet et al., 2009; Rouxel et 

al., 2016; Fitzsimmons et al., 2016, 2017; Karl et al., 2016; Li et al., 2017; 

Lough et al., 2017). In contrast, a mean value of +0.1‰ has been suggested 

for sulfide-depleted hydrothermal fluids from Pele’s pit in the Hawaiian Loihi 

submarine volcanic hotspot similar to neighboring seafloor basaltic δ56Fe 

ratios (Rouxel et al., 2018). The δ56Fe values are commonly controlled by a 

combination of biological and abiological processes, including chemical 

precipitation of Fe oxides during abiotic and biotic oxidation of Fe with oxygen, 

anoxic precipitation of Fe sulfide, microbial reduction of Fe, water rock 

interactions, and phase separation (e.g., Rouxel et al., 2008; Severmann et 

al., 2004; Li et al., 2017; Rouxel et al., 2018; Heard and Dauphas, 2020). 

However, there is a consensus that net seawater δ56Fe values are generally 

heavier relative to submarine hydrothermal fluids (Radic et al., 2011; Conway 

et al., 2014, 2015). For instance, high temperature hydrothermal fluids with 

light δ56Fe ratios of -0.23‰ from the Rainbow hydrothermal vents precipitate 
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and deliver Fe with δ56Fe values similar to those recorded in the receiving 

deep North Atlantic seafloor sediments (e.g., Severmann et al., 2004). 

Further, studies have shown that Fe isotopes are more sensitive to local 

environmental conditions (e.g., precipitating authigenic sulfide and Fe 

oxyhydroxide minerals) than to extant biological and abiological processes 

(Lough et al., 2017; Rouxel et al., 2018). This implies that Fe isotopes are 

best applied as tracers of environmental change processes. The source and 

sink of Fe in the ocean and global Fe biogeochemical cycling are dependent 

on our knowledge of fluxes between various Fe pools and their associated 

isotopic signatures. Therefore, quantitative precipitation of primary Fe from 

seawater and hydrothermal fluids is expected to conservatively display δ56Fe 

values reflecting sources and variable mixing with seawater. Similarly, 

examining the behavior of Fe isotopes during the dispersal and transportation 

of hydrothermal plumes through seawater can provide information on the 

sources and sinks of Fe to seawater as well as the influence of hydrothermal 

Fe in the deposition of Fe Formations on ancient continental margins.  

The variability of δ56Fe in the Fe-rich sedimentary units from the 

Wanimzi Formation are more similar to the signatures of hydrothermal fluids 

than for modern oxic seawater values that are often more homogenously 

heavy. This view is supported by the transition from light to exceptionally 

heavy δ56Fe values in the overlying reference Fe-poor stromatolitic 

succession shown to have the least hydrothermal influence by their REE+Y 

and trace metal composition. Because Fe is insoluble in oxygenated 

seawater, its concentration in the modern ocean is usually in the nM to pM 

range, while μM to mM concentrations are documented in anoxic 

hydrothermal fluids and plumes (Elderfield and Schultz, 1996; Bennett et al., 

2008; Fitzsimmons et al., 2014; Resing et al., 2015; Lough et al., 2017). 

Similar to this observation, the Fe-rich lithologies, which were deposited 

beneath anoxic bottom waters, are 26 times more enriched in Fe than the 

stromatolitic rocks, which we argue formed in full bottom water oxygenated 

conditions. Moreover, these Fe-rich lithologies contain δ56Fe signatures that 

on average are light (-0.03‰) compared to the heavy values of up 0.52‰ 

measured in the stromatolitic Fe-poor reference rocks that are believed to 

have experienced the least hydrothermal influence of all the samples. Further, 
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mid-ocean ridge plumes from the East Pacific Rise with similar δ56Fe values 

of -0.91‰ and -0.03‰ were interpreted to have resulted from variable mixing 

of hydrothermal fluids with seawater, lithospheric interactions, and biogenic 

Fe cycling (Rouxel et al., 2016).  

The lowest δ56Fe value of -0.41‰ in the Wanimzi ironstones has been 

reported for Fe particles in endmember hydrothermal plumes following 

systematic stripping of light 56Fe by Fe sulfide minerals (Rouxel et al., 2016). 

In the absence of direct evidence for the sulfide content of the original fluids 

that formed the ironstones, Mo/W ratios are used as proxies for Mo depletion 

and W enrichment during the precipitation of particulate sulfide minerals 

(Mohajarin et al., 2016; Bauer et al., 2017; Dellwig et al., 2019). Upon 

transition to conditions that support the production of ferric Fe, W is 

preferentially sequestered relative to Mo. The variable levels of Mo/W ratios in 

the Fe-rich lithologies (Fig. 6g) may therefore be linked to the influence of 

sulfide fluids. However, owing to the absence of correlation amongst Mo, W 

and Fe, it is suggested that Mo and W enrichments in the ironstones were not 

the direct results of Fe precipitation. The positive correlation between Mo and 

As in the Fe-enriched lithologies (Fig. 12c), both being strong chalcophiles 

possessing high affinities for sulfide, suggests low sulfide concentration in the 

source vent fluids. This, allowed substantial amounts of As, Mo, and Fe to 

escape precipitation with vent sulfides and subsequent enrichments in the 

ironstones. The mainly heavier δ56Fe signal of up to +0.61‰ recorded in the 

Fe-poor siliciclastic Imi n’Tizi reference rocks and their REE+Y distribution, 

are comparable to values recorded in some modern seawater. In addition, 

these reference Fe-poor rocks lack evidence for strong hydrothermal 

influence, while the lighter δ56Fe values in the ironstones are more consistent 

with a hydrothermal source.  

Our δ56Fe values fall within the range for published Proterozoic Fe 

formations believed to have been influenced by varying degrees of 

hydrothermal input (Planavsky et al., 2010; Yan et al., 2010; Halverson et al., 

2011; Li et al., 2017; Heard and Dauphas, 2020; Fig. 11b). The simple 

hematite and quartz mineralogy of the Wanimzi ironstones is comparable to 

the reported predominance of hematite in syn-glacial Neoproterozoic 

Snowball Fe formations (Bekker et al., 2010; Halverson et al., 2011; Cox et 
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al., 2013; Lechte et al., 2013). However, the narrower range of δ56Fe values in 

the Wanimzi ironstones (-0.41‰ to 0.35‰)  are more similar to modern 

hydrothermal δ56Fe seafloor deposits (Planavsky et al., 2010; Rouxel et al., 

2008; 2016; 2018), while the  wider range in δ56Fe values of -0.7‰ to 1.2‰ in 

Neoproterozoic syn-glacial Fe formations compared to the narrower records in 

the Wanimzi Fe-rich lithologies, point perhaps to varying degrees of partial Fe 

oxidation (e.g., Halverson et al., 2011; Table 3).  

The data suggest that the relationship between Fe concentrations and 

Zn/Co ratios may be a stronger indicator of the degree of hydrothermal 

influence than the relationship between δ56Fe and Zn/Co ratios in the studied 

succession. For instance, although δ56Fe lacked a significant negative 

correlation with Fe concentrations and the Zn/Co ratios, a goodness of fit 

positive correlation between Fe and Zn/Co points to hydrothermal activity 

contributing to at least 64 % of bulk Fe enriched in the Fe-rich sediments 

(Appendix P).  Further, while Fe concentrations in the Wanimzi Formation are 

much elevated relative to the underlying Paleoproterozoic Taghdout 

carbonates and the overlying Ediacaran Imi n-Tizi siliciclastic deposits, the 

Zn/Co ratios of the Wanimzi ironstones are lower compared to the Fe-poor 

carbonates and higher relative to the Fe-poor Ediacaran deposit. This 

suggests potential mixing of seawater with Fe-poor hydrothermal fluids during 

the deposition of the Taghdout carbonates and progressively negligible 

hydrothermal influence during the deposition of the siliciclastic rocks above 

the Wanimzi ironstones. The positive δ56Fe values of the Fe-poor, non-

hydrothermal siliciclastic sediments above the Wanimzi ironstones, linked to 

low seawater Fe concentration and Zn/Co ratios, reflect expected  heavier 

δ56Fe values resulting from low seawater Fe concentration and hydrothermal 

activity in some modern seawater settings. Moreover, quantitative and partial 

oxidation of Fe by biotic and abiotic processes, would result in quantitative or 

partial fractionation of Fe isotopes between the precipitated Fe(III) and 

residual dissolved hydrothermal Fe(II), decoupling the δ56Fe and Zn/Co 

signals. 

 

5.3. Redox depositional conditions 
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The pronounced CeSN depletion observed in our samples is a feature 

common to modern oxygenated seawater (e.g., Bau and Dulski, 1996; Singh 

and Rajamani, 2001; Shields et al., 2004; Bau and Koschinsky, 2009). 

Statistical test for the redox state of seawater by the calculated true negative 

Ce/Ce* anomaly, indicates extensive oxygenation of the WAC margin (Fig. 

10a; Bau, 1996; Planavsky et al., 2010). However, redox reconstruction using 

the Fe-based redox proxy (Poulton and Canfield, 2005; Poulton and Canfield, 

2011; Clarkson et al., 2014) suggests deposition of both the reference 

siliciclastic carbonates from the Taghdout Formation and the Wanimzi 

ironstone lithologies occurred beneath a deoxygenated water column, while 

full water column oxygenation coincides with the reference Fe-poor siliciclastic 

Imi n’Tizi rocks. Persistent ferruginous conditions were widespread at this 

time while euxinia is not supported by the data.  

       The siliciclastic detritus derived from continental weathering likely 

influenced the REE+Y distribution patterns, as supported by the 

corresponding average Y/Ho clastic values. Importantly, because the entire 

sequence is siliciclastic, the divergent redox conditions indicated by the 

Ce/Ce* and the Fe-based redox proxies, are interpreted to reflect the unique 

ability of the Fe-based redox proxy to record the emergent anoxic bottom 

water depositional conditions induced by the fluids that delivered Fe to the 

continental margin. Further, as the chemocline deepens, the Y/Ho ratios are 

expected to decrease as the Ce/Ce* anomaly increases because of effective 

dissolution of Fe(III)(oxyhydr)oxide particles that tend to be relatively enriched 

in Ho and Ce (Bau et al., 1997; Planavsky et al., 2010; Halverson et al., 

2011). Instead the lack of an inverse correlation between Y/Ho and Ce/Ce*, 

together with static average Y/Ho ratios across the sampled section, are 

consistent with a stable shallow marine platform experiencing little or no 

change in the depth of the chemocline.  

We propose that the shallow margins of the WAC were fully oxygenated 

prior to the process that introduced Fe-rich fluids to the platform waters. This 

suggestion implies that the process that conveyed the ferruginous fluids to the 

WAC margin to promote kinetic deoxygenation of the shallow seawater mass 

was too rapid to allow equilibration with the atmosphere and the 

establishment of a stable chemocline with fluctuating depth. Moreover, the 
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Y/Ho ratios being more similar to composite shale and clastic sediment 

values, imply that the REE+Y values are influenced by contribution of clast 

weathered from the upper continental crust, relative to hydrothermal input. 

This is consistent with the lack of meaningful correlation between the inferred 

hydrothermal Fe and corresponding Y/Ho ratios, a strong seawater CeSN and 

subtle EuSN anomalies, the latter being undetectable in some cases. The 

negative δ57Fe correlation to Y/Ho ratios recorded in syn-glacial 

Neoproterozoic Fe formations isolated from continental contamination by 

detrital material, and marked by the scavenging of REE+Y by Fe oxides 

precipitated from a deepening chemocline (Halverson et al., 2011), is not 

observed in our samples.  

Instead, the Fe-based redox proxy points to a sudden deoxygenation 

event of what was likely a fully oxygenated shallow water mass by anoxic 

submarine hydrothermal plumes released from a distal anoxic deep-sea 

source. Attenuation of the REE+Y hydrothermal signal is interpreted to be the 

product of long distance plume transportation to the continental margin. As a 

result, vigorous mixing of the migrating plume with seawater and particle 

precipitation, systematically weakened the hydrothermal REE+Y signal (Fig. 

13). This observation is supported by the attenuated hydrothermal Eu 

signature, reported for various Precambrian IFs to be related to high 

temperature hydrothermal provenance of Fe (Michard, 1989; Klein and 

Beukes, 1993; Halverson et al., 2011).  

The Fe-based redox trends are supported by variations in associated 

redox sensitive trace metals such as elevated levels of U and V in the Fe-rich 

lithologies (Fig. 6-c; Table 2). For example, U concentrations average 1.6±0.6 

ppm in the ironstones compared to 1.0±0.5 ppm and ~0.4±0.0 ppm in the 

reference Fe-poor siliciclastic rocks above and beneath the Fe-rich sequence, 

respectively. Similarly, V concentrations averaged 70.8±50.6 relative to 

36.3±6.6 ppm and ~8.5 for the Fe-poor rocks above and below the Fe-rich 

layer, respectively. These average values are below continental crust 

concentrations of 2.8 ppm and 107 ppm for U and V, respectively (McLennan 

(2001). Nonetheless, the higher co-enrichment of U and V in the Fe-rich 

lithologies relative to the Fe-poor lithologies, is consistent with the strong 

anoxic, non-euxinic, ferruginous depositional conditions established by our Fe 
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speciation analysis in Figure 10b-c (e.g., Tribovillard et al., 2006; Scott et al., 

2008; Scott & Lyons, 2012). Equally, the lack of any meaningful Mo 

enrichment is consistent with the absence of euxinic conditions suggested by 

our Fe speciation data across the studied section (Fig. 6a). 

 

6. Conclusions 

We present a siliciclastic ironstone deposit estimated to be of Early 

Neoproterozoic age in the Anti Atlas Mountains of Morocco, marked by a 

unique hematite enrichment style different from that reported for most 

Precambrian Fe Formations. The data indicate a predominantly anoxic deep 

ocean that enabled the transportation and delivery of strongly reducing 

submarine hydrothermal plumes to an oxygenated early Neoproterozoic 

shallow marine wave-influenced platform. Here, reduced Fe was mixed with 

and oxidized by oxygenated seawater and deposited in association with 

siliciclastic material weathered from the continent. Based on the combined 

Ce/Ce* anomaly and Fe-based bottom water redox reconstruction, we 

propose that the marginal shallow seawaters were fully oxygenated until the 

anoxic hydrothermal fluids upwelled from the deep-sea and rapidly 

deoxygenated the shallow waters for an extended period of time. This 

resulted in the oxidation of upwelling reduced hydrothermal ferrous Fe and the 

deposition of primary ferric Fe that was preserved as hematite in the Wanimzi 

ironstones. The data further suggest that, in addition to the open oceans 

being redox stratified to enable large-scale migration of reduced hydrothermal 

plumes to the WAC margin, the breakup of Rodinia supercontinent may have 

initiated widespread early Neoproterozoic redox processes that orchestrated 

extended episodes of widespread shallow seawater anoxia in affected basins. 

This observation is consistent with the proposition that increased deposition of 

ferric Fe during the Early Neoproterozoic may have suppressed extensive 

seawater-atmosphere oxygenation through the scavenging and burial of 

dissolved phosphate by ferric Fe particles precipitating from seawater 

(Guilbard et al., 2020). 
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Fig. 1: Geological setting and structural units of the Proterozoic basement of 

the Anti-Atlas and location of the studied area. (a) Geological sketch map of 

the Proterozoic basement of the Anti-Atlas showing the three lithostructural 

domains and the studied area. SAFZ: South Atlas Fault Zone, AAFZ: Anti-

Atlas Fault Zone; inset showing the location of the Anti-Atlas domain, (b) 

simplified map of the Pan-African craton margin strata in the central Anti-Atlas 

showing location of the studied section (Ag). Tl: Taliwine, Tz: Tazenakht. 

(Modified from Bouougri et al, 2020). 

 

Fig. 2. (a) Stratigraphic framework of the craton margin successions in the 

central part of the Anti-Atlas subdivided into Pre-Pan-African and Pan-African 

megacycles (Bouougri et al., 2016, modified from Bouougri and Saquaque, 

2004). Key radiometric ages in blue and red from Bouougri et al. (2020). (b) 

Simplified measured section showing the sampled horizons including Fe-rich 

deposits of Wanimzi Fm. and clastic stromatolites of Imi n’Tizi Fm. 

 

Fig. 3. Field features of Fe-bearing rocks of Wanimzi Formation: (a) General 

view within the upper part of Wanimzi Formation showing the transition from 

Fe-bearing interval with purple-red color and the overlying white interval 

without Fe. Dashed blue line indicates the sampled section. (b) Location of 

the sampled layers, numbered within the studied section shown in (a). (c) 

Detail within the sampled section showing several Fe-rich thin layers and 
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interbeds consisting of storm deposits with Hummocky cross-stratification 

(HCS); scale 14.5 cm. (d) Thick Fe-rich and isolated storm bed occurring 

within heterolithic deposits. Hammer  scale is 33 cm. 

 

Fig. 4. Examples of sedimentary and microbial mat-related features of the 

siliciclastic Wanimzi and Imi n’Tizi Formations (e.g., Bouougri and Porada, 

2002, Porada and Bouougri, 2007; Bouougri and Porada, 2011). (a-b) 

Sandstones with bedding planes showing symmetrical and asymmetrical 

ripples. (c) Kinneyia-type wrinkles occurring as patches on bedding surfaces 

of storm deposits. (d) Sand-filled spindle-shaped and randomly oriented 

cracks. (e) Mat-deformation structures occurring as curved and often 

bifurcating ridges. (f) Bedding surface preserving subrounded and flat sand 

clasts. (g-h) Siliciclastic biolamintes (stromatolites) showing domal features on 

bedding surface (h) and in cross section (g). Scale: (a-e-g) hammer is 33 cm 

long, (d-f) and (h) coin is 2.4 cm and 2 cm in diameter, respectively. 

 

Fig. 5. Examples of thin section photomicrographs of sampled facies viewed 

in cross polarized light. (a) Siliciclastic microbial mats at the Imi n’Tizi shallow 

water stromatolite-rich Formation, showing fine-grained and coarse-grained 

alternating layers. (b) magnification of the red box in panel (a) showing the 

characteristic siliciclastic coarse-grained laminae composed mainly of quartz 

grains  alternating with a thinner fine-grained clay-rich layer represented by 

the red arrow. c-f, Siliciclastic iron-rich deposits showing various well-sorted 

rounded and sub-angular quartz grains floating in a black iron-rich matrix in 

the Fe-rich lithologies of the Wanimzi Formation. g-i, Examples of thin section 

photomicrographs for the siliciclastic carbonate-rich facies from the Taghdout 

Formation, characterized by ooids, quartz, carbonates and iron oxides. Ooid-

peloid grainstone, the iron ooids (1) are made of microcrystalline calcitic 

laminae with radially arranged crystals (light rings) and iron enriched thinner 

laminae (dark). (2) peloids. (3) Oolites relicts showing the dissolution of the 

original structure and its replacement by drusy calcite crystals, indicating a 

neomorphism process (advanced diagenesis). (4) quartz. (5) calcite. The 

presence of intraclasts (red dashed line) indicate a shallow marine 

environment. 
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Fig. 6. Redox sensitive trace element, organic carbon (Corg) and d13Corg 

distribution up the studied stratigraphic section. (a-d), Trace element 

distribution for Zn, Cu, Mo, Co, As, V, U, Sb. e, Bulk iron enrichment 

averaging 22 wt.%, 0.73 wt.% and 1.1 wt.% in the Wanimzi Formation, the 

overlying siliciclastic stromatolitic succession and in the underlying siliciclastic 

carbonates from the Taghdout Formation, respectively. f, Zn/Co ratios. g, 

Mo/W ratio. h, Th/U ratio. i, Corg concentration. j, Carbon isotope distribution in 

Corg. Sil Car= Siliciclastic carbonates. 

 

Fig. 7. PAAS-normalized REE+Y distribution across the succession. a, 

REE+Y patterns in the overlying Imi n’Tizi stromatolitic formation. b, REE+Y 

distribution in the siliciclastic iron-rich Wanimzi Formation. c, REE+Y 

distribution in the underlying Taghdout Formation   carbonates. 

 

Fig. 8. Relationship between hydrothermally enriched REES (Nd, La, Ga, Eu 

and Ce) and non-hydrothermally enriched REE (Pr), and Zr and Th typically 

enriched in siliciclastic deposits. 

 

Fig. 9. (a) Eu anomalies calculated as 

(Eu/Eu*)SN1=EuSN/(0.67SmSN+0.33TbSN) and as 

(Eu/Eu*)SN2=2×EuSN/(SmSN+GdSN)-(Eu/Eu*)SN1 and (Eu/Eu*)SN2 to correct for 

anomalously high Gd and Tb concentrations, respectively. (b) Light REE 

(LREE) to high REE (HREE) ratios. (c) Y/Ho ratios. (d),  (La/Y)bSN ratio. (e) 

(Tb/Yb)SN ratio. (f) (Pr/Yb)SN ratio. (g), (Sm/Yb)SN ratio. (h) (Eu/Sm)SN ratio. (i) 

(Gd/Gd*)SN ratio. SN=Shale normalized. 

 

Fig. 10. Water column redox conditions determined by REE and Fe-based 

redox reconstruction. a, Cerium anomaly calculated as (Ce/Ce*)SN= 

CeSN/(0.5PrSN+0.5LaSN) and (Pr/Pr*)SN= PrSN/(0.5CeSN+0.5NdSN). Black rings, 

blue diamonds and purpled filled rings represent the Imi n’Tizi stromatolitic 

deposit, Wanimzi Formation and the Taghdout carbonates, respectively. With 

the exception (ironstone) of sample AG12 and CAB (Taghdout carbonate) all 

data points record true negative Ce Anomalies. b-c, Iron-based bottom water 
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redox reconstruction. S1-S4= Imi n’Tizi stromatolitic deposit. AG01-

AG17=Wanimzi Formation. CA1, CA2, CAB= Taghdout carbonates. 

 

Fig. 11. Distribution of iron concentrations and isotopic distribution. a,  δ56Fe 

and δ57Fe distribution in the iron-rich and siliciclastic stromatolitic rocks. b, 

Bulk iron dynamics showing that at less than 5 wt.% Fe concentration (vertical 

line), δ56Fe values are more positive and increasingly positive above this 

value. Above this line strong fractionation of iron produces more negative 

δ56Fe values. The asterisks depict two samples (AG08 and AG12) that 

deviate from the latter observations and are linked to the enrichment of LREE 

levels, as depicted by LREE/HREE ratios and (La/Yb)SN (See Figure 9b and 

9d).  c, δ56Fe distribution in sedimentary marine iron formations deposited at 

key intervals across Earth history adapted from Planavsky et al. (2012) and 

Halverson et al. (2011) relative to the black-ringed values obtained in this 

study. SS=siliciclastic stromatolites. 

 

Fig. 12. Relationship between iron and As (a), iron and V (b) and Mo and As 

(c) in the Wanimzi ironstones. 

 

Fig. 13. Conceptual model for the formation of the Wanimzi iron-rich shallow 

marine ironstone deposit on the Tonian passive continental margin of the 

WAC. 

 
 
Table 1. XRD mineralogical data (+=Detected; -=Not detected; ?=Uncertain). 
 Litholo

gy 
Hem
atite 

Mag
netit

e 

Goe
thite 

Ank
arite 

Sid
erit
e 

Al
bit
e 

Kaol
inite 

Qu
art
z 

Chl
orit
e 

Dolo
mite 

Cal
cite 

Illi
te 

K-
felds
par 

S1 Strom
atolitic 

+ - - ? - + + + - ? + + + 

S2 Strom
atolitic 

+ - - ? - + + + - ? + + + 

S3 Strom
atolitic 

+ - - - - + - + - - - + + 

S4 Strom
atolitic 

+ - - - - + - + - - - + + 

A
G1
7 

Iron-
Quartz 

+ - - - - + - + - - - + + 

A
G1
6 

Iron-
Quartz 

+ - - - - - - + - - - + + 

A
G1

Iron-
Quartz 

+ - - - - - - + - - - + + 
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5 

A
G1
4 

Iron-
Quartz 

+ - - - - - - + - ? ? + + 

A
G1
3 

Iron-
Quartz 

+ - - - - - - + - - ? + + 

A
G1
2 

Iron-
Quartz 

+ - - - - - - + - ? - + - 

A
G1
1 

Iron-
Quartz 

+ - - - - - - + - - - - + 

A
G1
0 

Iron-
Quartz 

+ - - - - - - + - - - + - 

A
G0
9 

Iron-
Quartz 

+ - - - - - - + - - - - - 

A
G0
8 

Iron-
Quartz 

+ - - - - - - + - - - + + 

A
G0
7 

Iron-
Quartz 

+ - - ? - - - + - ? ? + + 

A
G0
6 

Iron-
Quartz 

+ - - ? - - - + - - ? + + 

A
G0
5 

Iron-
Quartz 

+ - - - - - - + - - - ? - 

A
G0
4 

Iron-
Quartz 

+ - - - - - - + - - - + - 

A
G0
3 

Iron-
Quartz 

+ - - - - -  + + ? - - - 

A
G0
2 

Iron-
Quartz 

+ - - - ? - + + - - - - - 

A
G0
1 

Iron-
Quartz 

+ - - - - - - + - - - - - 

A
G0 

Iron-
Quartz 

+ - - - - - - + - - - + - 

CA
1 

Carbo
nates 

+ - - - - - - + - + + + - 

CA
2 

Carbo
nates 

+ - - - - - - + - + + + + 

CA
B 

Carbo
nates 

+ - - - - - - + - + + + + 
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Table 2. Trace metal(loid) distribution. With the exception of Au measured in 
ppb concentrations are in ppm. Total Fe was measured by the ferrozine 
method (Stokey, 1970). Av. UCC (Average Upper Continental Crust 
concentrations (McLennan, 2001)). All UCC units are in ppm with the 
exception of Au, Bi, and Pd that are in ppb. AG/SS (Average concentration in 
iron-rich facies relative to average siliciclastic stromatolitic facies). AG/CAB 
(Average concentration in iron-rich facies relative to average siliciclastic 
carbonate lithologies). AG/UCC (Average iron-rich concentrations relative to 
average upper continental crust concentrations). SS/UCC (Average 
siliciclastic stromatolitic facies concentration relative to average upper 
continental crust). CAB/UCC (Average siliciclastic carbonate concentration 
relative to upper continental crust concentrations). 
 

  As Au Ba Co Cu Fe Hf Ga Mo Nb Ni 

Av. 
UCC 

1.5 1.8 550 17 25 3500 5.8 17 1.5 12 44 

S1 3.4 1.6 421 72.4 13.3 4741 
13.
6 

7.7 0.2 6.8 1.6 

S2 0.8 1.8 337 68.8 13.7 7298 
17.
3 

8.6 0.2 7.9 2 

S3 0.6 0.8 459 65.2 13.2 7292 7.4 
11.
3 

0.2 8.2 2.1 

S4 1.6 
<0.
5  

568 39.7 12.1 7292 
10.
5 

12.
8 

0.2 9.3 1.5 

AG17 3.4 
<0.
5  

362 80.2 59.4 
3404
4 

6.9 
11.
5 

0.3 6.5 
22.
8 

AG16 33.7 1.3 130 50.8 40.6 
3843
33 

5.3 2.6 1.5 2.4 
10.
1 

AG15 6.9 
<0.
5  

156 
129.
6 

12.9 
5659
7 

4.6 2.8 0.6 2.8 3.7 

AG14 1.9 0.7 319 
194.
1 

13.9 
1335
9 

11.
6 

7.3 0.4 4.6 4.3 

AG13 40.1 1 218 114 20.4 
1578
49 

8.4 9.3 2.6 5.2 
17.
2 

AG12 4.1 
<0.
5  

381 61.6 8.5 
1985
7 

5.6 
10.
2 

1 7.5 3.9 

AG11 86.9 1.6 37 29.7 2.8 
5202
83 

0.8 2.8 8.9 1.6 
12.
9 

AG10 26.8 2.3 242 64.2 5.7 
1011
51 

4.9 6.6 2 5.4 5 

AG09 
111.
3 

3.4 57 9.9 4.2 
5837
98 

0.8 3.5 6.9 4 9.9 

AG08 48.4 1.7 46 80.8 4.3 
2288
95 

0.9 5.2 4.8 2.9 6.7 

AG07 66.1 0.9 350 86.6 2.4 
2471
0 

5.7 8.7 0.3 5.5 
10.
1 

AG06 3.3 
<0.
5  

289 
148.
7 

35.7 
1893
5 

4.4 4.5 0.4 2.8 
18.
1 

AG05 2.2 
<0.
5  

539 64.5 7.2 
6039
7 

7.2 
22.
1 

0.3 
13.
4 

18.
9 
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AG04 10.6 1.1 184 
110.
5 

23.3 
7129
5 

4.7 6.1 1.1 3.2 
28.
6 

AG03 10.6 1.1 336 43 23.3 
6173
03 

0.5 5.7 1.1 2.8 
28.
6 

AG02 43.2 2.8 215 37.3 20.1 
5597
23 

1.2 3.8 3.4 2.1 
31.
1 

AG01 22 2.6 423 39 
120.
7 

5350
25 

0.6 5.1 2.2 1.4 
38.
6 

AG0 3.5 1.5 491 42.4 29.4 
4494
8 

8.2 17 0.3 
10.
3 

12.
5 

CA1 3.4 9.9 
160
6 

21.1 2.3 
1334
8 

1 1.6 0.1 1.4 1.5 

CA2 0.1 1.2 383 22.3 10 6458 2.5 2.9 2.2 1.5 3.3 

CAB 6.4 1.4 215 38.9 4.6 
1187
2 

2.9 2.3 0.1 1.8 2.2 

AG/SS 18.2 1.2 0.6 1.3 1.8 33.7 0.4 0.7 10.6 0.6 8.7 

AG/CA
B 

8.8 0.4 0.4 2.8 4.3 21.2 2.1 3.3 2.6 3 6.7 

AG/UC
C 

19.4 0.9 0.5 4.5 1 64 0.8 0.4 1.4 0.4 0.4 

SS/UC
C 

1.1 0.8 0.8 3.6 0.5 1.9 2.1 0.6 0.1 0.7 
0.0
4 

CAB/U
CC 

2.2 2.3 1.3 1.6 0.2 3 0.4 0.1 0.5 0.1 
0.0
5 

  Pb Rb Sb Sr Ta Th U V W Zn Zr 

UCC 0.5 112 0.2 350 1 10.7 2.8 
10
7 

2 71 
19
0 

S1 0.9 94.8 0 17.6 1.4 8.2 1.7 28 
448.
1 

1 
18.
6 

S2 1 95.5 0 16.9 1.3 9.5 0.9 34 
491.
1 

0 
21.
6 

S3 1.2 
126.
6 

0 29.7 1.1 9.1 0.5 41 44.8 2 
14.
9 

S4 1.2 
151.
1 

0.2 21.9 1.1 10.6 1 42 
242.
6 

1 
20.
3 

AG17 1 
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7 

0.1 13.3 1.2 9 1.8 56 
517.
7 

8 
23.
4 

AG16 2 22.3 0.9 12.1 0.7 3.7 1.1 17 
332.
8 

10 
31.
7 

AG15 1.8 29.6 0.2 11.3 1.8 3.5 1.3 11 
936.
5 

3 8.9 

AG14 0.8 71.4 0.1 17 2.7 6.7 0.9 30 
1332
.5 

1 
13.
2 

AG13 4.9 87.9 2.4 13.1 1.6 6.6 2.1 37 
749.
9 

4 
14.
2 

AG12 0.7 
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4 

0.3 16 1.3 8.4 2.2 54 
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3 

1 15 
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9 
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AG10 2.9 69.8 2 13 1.2 5.8 0.4 31 
486.
2 

2 
12.
7 

AG09 11.3 25.3 7.8 6.8 0.2 2.2 2.3 81 36.3 2 
13.
9 

AG08 4.3 37.3 3.6 4.5 1 4.5 1 74 
580.
5 

1 
21.
1 

AG07 1.2 84.8 0.1 13.6 1.6 6.4 2.2 44 
663.
9 

4 
13.
4 

AG06 0.8 47.4 0 14.1 2.2 3 1.9 24 
1250
.8 

7 7.2 

AG05 1.5 
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7 

0.3 20.8 1.8 16 2.3 
11
0 
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3 

7 
17.
2 

AG04 1.7 36.6 0.3 8.6 1.9 4.3 1 47 
941.
9 

10 
12.
9 

AG03 1.7 5.5 2.5 9.8 0.2 2 2.2 
17
8 

75.2 10 
14.
4 

AG02 5.1 3 2.8 8.8 0.3 2.5 1.9 
17
2 
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8 

11 
27.
6 

AG01 3.3 3.5 1.4 11 0.2 1.6 1 
13
9 
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1 

15 
15.
4 

AG0 1.6 
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3 

0.3 20.8 1.7 12.5 2.5 95 
516.
2 

4 
30.
9 

CA1 14.6 21.5 0.1 
1074
.4 

0.3 10.7 0.4 8 
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3 

8 25 

CA2 10 44 0 
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8 

0.3 7.7 0.4 9 
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9 

3.3 
18.
4 

CAB 11 29.1 0 
1033
.9 

0.4 11.7 0.4 <8 
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8 

9 
20.
8 

AG/SS 2.6 0.5 
33.
8 

0.6 1 0.6 1.6 2 1.8 5.7 0.9 

AG/CA
B 

0.2 1.9 
50.
7 

0.01 3.7 0.6 4.1 8.3 3.5 0.8 0.8 

AG/UC
C 

5.6 0.5 8.4 0.03 1.2 0.5 0.6 
41.
6 
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7 

0.1 0.1 

SS/UC
C 

2.2 1 0.3 0.1 1.2 0.9 0.4 
21.
3 
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3 

0.0
1 

0.1 
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CC 

23.7 0.3 0.2 2.8 0.3 0.9 0.1 5 78 0.1 0.1 
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Table 3. Carbon, iron, and oxygen isotopic data 
 Lithology δ

13
Ccarb

onate  
(‰ 

VPDB) 

1s
d 

δ
18

Ocarb

onate 
(‰ 

VPDB) 

1s
d 

Carbo
nate 

(%wt) 

δ
13

C

org  

(‰ 
VPD
B) 

1s
d 

Corg 
(wt
%) 

δ
56

F
e 

(‰ 
IRM
M) 

2s
d 

δ
57

F
e 

(‰ 
IRM
M) 

2s
d 

S1 Stromato
litic 

-1.84 0.
10 

-13.13  0.02 -
31.8

0 

0.
49 

0.0
1 

0.61 0.
05 

0.86 0.
14 

 
S2 Stromato

litic 
ND* - ND* - 0.01 -

30.1
6 

0.
49 

0.0
1 

0.45 0.
05 

0.70 0.
15 

S3 Stromato
litic 

-0.33 0.
22 

-4.00 0.
17 

0.02 -
28.1

3 

0.
49 

0.0
2 

0.57 0.
05 

0.88 0.
15 

S4 Stromato
litic 

-4.50 0.
18 

-9.29 0.
16 

0.01 -
27.8

7 

0.
49 

0.0
1 

0.45 0.
05 

0.66 0.
14 

 
AG
17 

Iron-
Quartz 

ND* - ND* - ND* -
29.9

7 

0.
49 

0.0
3 

-
0.14 

0.
05 

-
0.21 

0.
14 

 
AG
16 

Iron-
Quartz 

ND* - ND* - ND* -
27.4

4 

0.
49 

0.0
1 

-
0.04 

0.
05 

-
0.09 

0.
14 

 
AG
15 

Iron-
Quartz 

ND* - ND* - ND* -
31.5

3 

0.
49 

0.0
3 

-
0.07 

0.
05 

-
0.15 

0.
14 

 
AG
14 

Iron-
Quartz 

-8.72 
 

- -12.788 
 

- 0.02 -
29.8

2 

0.
49 

0.0
4 

0.03 0.
05 

0.02 0.
14 

 
AG
13 

Iron-
Quartz 

ND* - ND* - ND* -
27.8

1 

0.
49 

0.0
3 

-
0.41 

0.
05 

-
0.65 

0.
14 

 
AG
12 

Iron-
Quartz 

ND* - ND* - ND* -
30.6

4 

0.
49 

0.0
2 

0.26 0.
05 

0.52 0.
14 

 
AG
11 

Iron-
Quartz 

ND* - ND* - ND* -
28.3

8 

0.
49 

0.0
1 

-
0.19 

0.
05 

-
0.31 

0.
14 

 
AG
10 

Iron-
Quartz 

ND* - ND* - ND* -
29.1

5 

0.
49 

0.0
2 

0.03 0.
05 

0.08 0.
14 

 
AG
09 

Iron-
Quartz 

ND* - ND* - ND* -
26.1

2 

0.
49 

0.0
2 

0.06 0.
05 

0.03 0.
14 

 
AG
08 

Iron-
Quartz 

ND* - ND* - ND* -
30.2

7 

0.
49 

0.0
2 

0.35 0.
05 

0.54 0.
14 

 
AG
07 

Iron-
Quartz 

ND* - ND* - ND* -
30.7

4 

0.
49 

0.0
2 

0.06 0.
05 

0.14 0.
14 

 
AG
06 

Iron-
Quartz 

ND* - ND* - ND* -
33.0

3 

0.
49 

0.0
2 

-
0.37 

0.
05 

-
0.46 

0.
14 

 
AG
05 

Iron-
Quartz 

ND* - ND* - ND* -
29.3

3 

0.
49 

0.0
3 

0.11 0.
05 

0.27 0.
14 

 
AG
04 

Iron-
Quartz 

-8.72 
 

0.
21 

-12.788 0.
21 

ND* -
28.5

6 

0.
49 

0.0
2 

-
0.15 

0.
05 

-
0.31 

0.
14 

 
AG
03 

Iron-
Quartz 

ND* - ND* - ND* -
28.8

2 

0.
49 

0.0
2 

0.07 0.
05 

0.30 0.
14 

 
AG
02 

Iron-
Quartz 

ND* - ND* - ND* -
27.5

0 

0.
49 

0.0
1 

-
0.22 

0.
05 

-
0.28 

0.
14 
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AG
01 

Iron-
Quartz 

ND* - ND* - ND* -
22.9

3 

0.
49 

0.0
1 

-
0.09 

0.
05 

-
0.08 

0.
14 

 
AG
0 

Iron-
Quartz 

ND* - ND* - ND* -
29.6

2 

0.
49 

0.0
4 

0.15 0.
05 

0.21 0.
14 

 
CA
1 

Carbonat
es 

-0.77 0.
13 

-14.50 0.
10 

75 -
26.4

4 

0.
49 

0.0
4 

ND 0.
05 

ND 0.
14 

 
CA
2 

Carbonat
es 

0.11 0.
07 

-13.28 0.
06 

50 -
27.4

1 

0.
49 

0.0
4 

ND 0.
05 

ND 0.
14 

 
CA
B 

Carbonat
es 

-0.18 0.
05 

-14.30 0.
05 

75 -
28.4

1 

0.
49 

0.0
6 

ND 0.
05 

ND 0.
14 

 

 ND=Not determined 
ND*=Not determined because of extremely low carbonate content 

 

 
Table 4.  Rare Earth Element +Yttrium. S1-S2=Siliciclastic stromatolitic mats. AG17-
AG0=Wanimzi Formation. CA1,2,B=Taghdout carbonates. 
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 Lithol
ogy 

La Ce Pr Nd S
m 

E
u 

Gd T
b 

D
y 

Y H
o 

Er T
m 

Y
b 

L
u 

ΣRE
E+Y 

ΣR
EE 

S1 Strom
atolite 

2
6.
6 

52
.2 

5.
46 

19
.8 

3.
15 

0.
5
9 

2.
57 

0.
4
7 

3.
1 

1
8.
6 

0.
6
8 

2.
1 

0.
3
1 

2.
1
1 

0.
3
5 

138
.1 

11
9.
5 

S2 Strom
atolite 

2
6.
5 

56
.9 

6.
11 

22
.8 

3.
76 

0.
7
5 

3.
24 

0.
5
5 

3.
4
9 

2
1.
6 

0.
7
3 

2.
5
3 

0.
3
7 

2.
5
6 

0.
4
2 

152
.3 

13
0.
7 

S3 Strom
atolite 

3
5.
4 

67
.1 

7.
12 

25
.2 

3.
73 

0.
6
5 

2.
77 

0.
4
2 

2.
7
1 

1
4.
9 

0.
5
9 

1.
8 

0.
2
7 

1.
8
4 

0.
3
1 

164
.8 

14
9.
9 

S4 Strom
atolite 

3
2.
6 

66
.6 

7.
46 

28
.5 

4.
71 

0.
8
8 

4.
16 

0.
6
3 

3.
6
3 

2
0.
3 

0.
7
3 

2.
3
9 

0.
3
6 

2.
2
9 

0.
3
7 

175
.6 

15
5.
3 

A
G1
7 

Iron-
Quart
z 

1
7.
6 

35
.9 

4.
45 

19
.3 

6.
2 

1.
4
6 

8.
38 

1 4.
5
1 

2
3.
4 

0.
7
9 

2.
0
9 

0.
2
9 

1.
8
4 

0.
2
7 

127
.5 

10
4.
1 

A
G1
6 

Iron-
Quart
z 

1
2.
8 

27
.6 

3.
1 

12
.8 

3.
84 

1.
2
2 

8.
93 

1.
2
6 

5.
8
1 

3
1.
7 

0.
9
4 

2.
3
6 

0.
2
5 

1.
6
4 

0.
2
3 

114
.5 

82
.8 

A
G1
5 

Iron-
Quart
z 

1
0.
7 

23
.7 

2.
75 

10
.8 

2.
56 

0.
5
7 

2.
53 

0.
3
2 

1.
6
7 

8.
9 

0.
2
9 

0.
8
4 

0.
1
2 

0.
8
4 

1
1 

77.
6 

68
.7 

A
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4 

Iron-
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z 

1
3.
5 

28 2.
79 

10 1.
72 

0.
4 
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89 

0.
3
5 

2.
2
4 

1
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0.
4
7 
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0.
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