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ABSTRACT  
The Igoudine and Amouslek formations (Terreneuvian–Cambrian Epoch 2 boundary) in the 
western Anti-Atlas of Morocco record the replacement of stromatolite-dominated microbial 
consortia by thrombolite-metazoan consortia. Carbonate and calcareous shales of both forma -
tions have been analyzed for major, trace, and rare earth elements to study their geochemical 
characteristics and evaluate the provenance of the terrigenous fraction and paleoredox 
conditions. Discrimination diagrams for the source rocks based on major elements and selected 
trace elements indicate that the terrigenous fractions of the sediments were likely derived from 
predominantly felsic rocks, and the source rocks have been identified to be the Paleo prote -
rozoic–Neoproterozoic granites and metasediments of the Kerdous inlier. Paleoredox proxies 
such as U/Al, V/Al and Mo/Al suggest that the Igoudine and Amouslek formations were deposited 
in the oxic environment. Our data show that the local water column was prevailingly oxidized 
before, during and after the transition from the microbial consortium (stromatolite-dominated 
biota) to the thrombolite-archaeocyathan consortium and shelly metazoans within the studied 
interval. This implies that the seawater redox status was not driving this change in these 
biological communities. 
 

Introduction
The transition from the Proterozoic to the Phanerozoic (ca 1000–500 Ma) was a time 
of significant and dramatic changes in Earth’s geological history, marked by large-
amplitude climatic perturbations (Harland 2007; Hoffman  et al. 2017), an increasing 
oxygen level in the atmosphere (Och and Shields-Zho 2012; Alcott et al. 2019), 
extreme reconstructions in Earth’s biogeochemical cycles and disturbances in the 
carbon cycle (Halverson and Shields-Zhou 2011; Wood et al. 2019), as well as the 
emergence of the modern multicellular animal life (Butterfield 2015; Narbonne 2005), 
topped with the explosive animal biodiversification of the Cambrian, termed the 
“Cambrian explosion” (Brasier 1982; Zhang and Shu 2021). The replacement of the 
biosphere dominated by microbial consortia by complex metazoan phyla and the 
development of bioturbation have been recorded in the fossil record worldwide, but 
the driving forces behind these changes have long been debated (Levinton 2008; 
Smith and Harper 2013; Zhang and Shu 2021). On the one hand, this period is 
characterized by the emergence of oxygenated marine water column, which occurred 
under rapidly fluctuating redox conditions (Tostevin et al. 2019; Wood et al. 2019), 
while it has been suggested that the Cambrian explosion of metazoans, which started 
at ca 540 Ma, may have been facilitated by such dynamics in redox conditions (Wood 
et al. 2019). Therefore, the study of the paleoredox conditions of marine water 
columns provides us with a better understanding of the driving factors for the 
Cambrian explosion. 

© 2023 Authors. This is an open access article 
distributed under the terms and conditions of the 
Creative Commons Attribution (CC BY) license  
(http://creativecommons.org/licenses/by/4.0).



Biotic replacement of microbial consortium (stromatolite-
dominated biota) by a thrombolite-archaeocyathan consor - 
tium and shelly metazoans in Anti-Atlas successions is re -
corded in the Igoudine Formation deposited in Adtabanian 
age (Cambrian Epoch 2) (Hupé 1960; Schmitt and Monninger 
1977; Sdzuy 1978; Schmitt 1979; Destombes et al. 1985; 
Debrenne and Debrenne 1995; Álvaro and Clausen 2006; 
Álvaro and Debrenne 2010; Clausen et al. 2014; Azizi et al. 
2022). At the same time, the earliest appearance of archaeo -
cyaths has been recorded in the Siberian Platform during 
Terreneuvian Age 2 (Rowland and Shapiro 2002), reaching 
its maximum diversity and extension during the Cambrian 
Age 3–4 interval (Clausen et al. 2014). The apparent delayed 
record of the Cambrian explosion in Moroccan successions 
has previously been interpreted as complex interactions among 
biotic and abiotic factors, whereas the main control of the im -
migration of archaeocyaths and shelly metazoans was the early 
Cambrian (Cambrian Epoch 2, Age 3) appearance of open-
marine conditions, facilitated by differential subsidence of 
the platform and a long-term sea-level rise (Clausen et al. 2014).  

The early Cambrian succession of Morocco is well ex -
posed in the Anti-Atlas belt. During this time, the marine 
platform of the Anti-Atlas was part of the northern margin of 
the Gondwana supercontinent. The early Cambrian succes -
sion of the western Anti-Atlas has been studied extensively 
in terms of depositional environments and stratigraphy, using 
biostratigraphy and stable carbon isotope chemostratigraphy 
(Hupé 1960; Schmitt and Monninger 1977; Sdzuy 1978; 
Schmitt 1979; Destombes et al. 1985; Tucker 1986; Debrenne 
and Debrenne 1995; Geyer and Landing 1995; Benssaou and 
Hamoumi 2001, 2004; Maloof et al. 2005; Álvaro and Clausen 
2006; Álvaro and Debrenne 2010; Álvaro et al. 2014; Clausen 
et al. 2014). Most of these studies were focused on the suc -

cessions outcropping on the northern slope of the Anti-Atlas 
in Tiout, Tazemourte and Amouslek areas. The Igoudine and 
Amouslek formations of the Fouanou syncline of the Anti-
Atlas represent a well-exposed succession covering this im - 
portant interval in Earth’s history. Despite the biogeochemical 
characteristics of this section, no detailed study has been 
carried out on the provenance and paleoredox conditions of 
the sediments.    

The aim of this contribution was to reconstruct the prov-
enance of the Amouslek and Igoudine formations exposed in 
the Fouanou syncline, in the western Anti-Atlas of Morocco, 
as well as to interpret the paleoredox conditions surrounding 
the Tommotian–Atdabanian boundary interval (Terreneuvian–
Cambrian Epoch 2), using major and trace element geochem - 
istry of these sediments to examine the role of paleoredox in 
controlling the faunal evolution of the Sous Basin.  

Geological setting   
The Anti-Atlas Mountains form a NE-SW trending belt, 
located in central Morocco (Fig. 1A). It is bounded in the 
north by the South Atlas Fault (SAF), and in the south by the 
Tindouf Basin. The northern margin of the West African 
Craton (WAC) crops out in several massifs and inliers of 
Paleoproterozoic–Neoproterozoic age, including from west 
to east the Bas Drâa, Ifni, Kerdous, Akka, Igherm, Siroua, 
Zenaga, Bou Azzer-El Graara, Saghro and Ougnate inliers 
(Fig. 1B). The Precambrian rocks of Pan-African orogeny of 
the Anti-Atlas were covered by the Paleozoic sedimentary 
rocks that are exposed in the southern slope of the Anti-Atlas 
(Destombes et al. 1985; Geyer and Landing 1995). The lower 
Cambrian succession exposed in the western Anti-Atlas 
(Sous Basin) overlies the Ediacaran Ouarzazate Supergroup 
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Fig. 1.  A – location of the Anti-Atlas Mountains. B – simplified geological scheme showing the distribution of Ediacaran–Cambrian 
outcrops in the Anti-Atlas (modified after Saadi et al. 1985).



(Thomas et al. 2002, 2004) and is composed of volcanic and 
volcanosedimentary rocks (up to 2 km in thickness) deposited 
in fluvial sedimentary environments (Thomas et al. 2002; 
Gasquet et al. 2005, 2008; Walsh et al. 2012). 

The lower Cambrian succession of the Anti-Atlas was 
subdivided into two extended groups: the Taroudante and Tata 

groups (Fig. 2A), both of which formed the early Cambrian 
carbonate platform which was dominated by dolomites and 
calcareous sediments developed in the western margin of 
Gondwana (Álvaro et al. 2003). The Taroudant Group (1000 m 
thick) comprises two formations: the Adoudou and the Lie-
de-vin formations (Fig. 2A). The Adoudou Formation was 
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Fig. 2.  A – Neoproterozoic–Lower Cambrian stratigraphy of the Amouslek–Tiout area (modified after Geyer et al. 1995; Alvaro et al. 
2006, 2014), δ13C chemostratigraphy from Maloof et al. (2005). B – lithological column of the studied lower Cambrian section in the 
Fouanou syncline. Fm – Formation, Mb – Member. 



also subdivided into two units by Choubert (1952). The lower 
unit was named la série de base (Tabia Member sensu Maloof 
et al. 2005) (up to 150 m thick), overlain by the upper unit 
named as les calcaires inférieures by Choubert (1952) 
(Tifnout Member sensu Maloof et al. 2005), with a thick ness 
ranging from 200 to 1000 m. This upper unit consists of 
massive to bedded stromatolitic dolostones (Buggisch and 
Heinitz 1984; Buggisch and Flügel 1988; Álvaro et al. 2000). 
A chemostratigraphic study of δ13C by Maloof et al. (2005) 
(Fig. 2A) suggests an age of 542.0 Ma for the bottom of 
the Adoudou Formation, based on the correlation of the 
–6‰ δ13C excursion, with the negative excursion recorded 
worldwide at the Ediacaran–Cambrian boundary (Grotzinger 
and Knoll 1995; Knoll and Carroll 1999; Kimura and 
Watanabe 2001; Amthor et al. 2003). Furthermore, the mini -
mum radiometric age was established by Ducrot and Lancelot 
(1977) for the lower Tifnout Member (Taroudante Group) 
with a U-Pb date of 534 ± 10 Ma obtained on zircons from 
the Jbel Boho volcano, in the Alougoum area. The carbonate 
sediments of the Tifnout Member are overlain by the re -
gressive siliciclastic fine-grained sediments of the Lie-de-vin 
Formation, the thickness of the latter unit reaching ~900 m 
toward the central Anti-Atlas. In the western Anti-Atlas, this 
formation is dominated by dolostone and limestone rocks rich 
in stromatolites and thrombolites (Gayer and Landing 1995; 
Benssaou and Hamoumi 2001, 2004).  

The Tata Group (~1000 m thick) is exposed in the 
western Anti-Atlas Sous Basin, and was described mainly in 
the Taroudante area, in Tiout, Amouslek, Tazemmourt type 
sections (Álvaro and Clausen 2006) and within the Issafen 
and Fouanou synclines (Benssaou and Hamoumi 2001, 
2004). The Tata Group is subdivided into four formations: 
Igoudine, Amouslek, Issafen and Asrir formations (Fig. 2A). 
The Igoudine Formation, calcaires supérieures in Choubert 
(1952), consists mainly of dolomitized limestones (dominant 
in the lower part) and massive to bedded black oolithic 
limestones. The latter is overlain by the fossiliferous Tiout 
Member. This unit contains the first indication of the tran -
sition from microbial consortia (stromatolite-dominated) to 
shelly metazoan-thrombilite consortia, rich in fossils of 
Atdabanian age, such as archaeocyaths, chancelloriids, hyo -
liths, calcimicrobes and trilobites (Hupé 1960; Sdzuy 1978; 
Debrenne and Debrenne 1995; Álvaro and Clausen 2006; 
Álvaro and Debrenne 2010; Azizi et al. 2022). The Amouslek 
Formation ranges in thickness from 20 to 220 m and consists 
mainly of variegated shales interbedded with black oolithic 
limestones bearing small-sized archaeocyaths. The Amouslek 
Formation is overlain by the fossiliferous Issafen Formation 
(~400 m thick) consisting of green shale interbedded with 
nodular limestone, microbial-archaeocyathan bioherms, bio -
stromes and numerous mud-mound complexes (Álvaro and 
Debrenne 2010). 

Materials and methods 
The Tommotian–Atdabanian (Terreneuvian–Cambrian Epoch 2) 
boundary interval was sampled in the Fouanou syncline (NE-

SW trend) in the western Anti-Atlas (Figs 1B and 2B), located 
between the Igherm and Kerdous inliers.  

Altogether 18 samples were taken for determining the 
chemical and min eral composition. The outer weathered sur -
face layer of the outcrop samples was removed and only 
the inner un weathered part was sampled. Major, trace, and 
rare earth element (REE) concentrations were analyzed by 
inductively coupled plasma mass and optical emission 
spectrometry (ICP-MS, ICP-OES) in Li-borate fused beads 
dissolved in an HNO3 (1 mol/L)-H2O2 (0.5%)-glycerol (10%, 
vol/vol) mixture. The trace element (including the REE) 
concentrations were measured by Thermo × 7 ICP-MS. The 
major elements were determined by Thermo iCap6500 ICP-
OES. The analytical precision of the studied samples was 
better than 10%. The REE concentrations were normalized 
relative to the Post Archean Australian Shale (PAAS) values 
(Taylor and McLennan 1985). La, Ce, and Eu anomalies were 
calculated as geo metric aver ages (Lawrence  et al. 2006).  

The whole-rock mineralogy was obtained from pow -
dered, unoriented samples by means of X-ray diffraction 
(XRD). The XRD patterns were measured using a Bruker D8 
Advance diffractometer in the range of 2–70° 2θ. The quanti -
tative mineralogical compositions were interpreted and mod - 
el ed using the Rietveld algorithm-based program Topas 4 
by Bruker. The relative error for major mineral components 
(> 5 wt%) was ~10%, and ~20% for minor mineral com -
ponents (< 5 wt%). 

Results  
Sedimentary facies  
The studied section comprises the Igoudine and Amouslek 
formations (Fig. 2B). Both formations show sedimentary 
facies similar to that described in the stratotypic Tiout and 
Amouslek areas (Álvaro and Clausen 2006; Álvaro and 
Debrenne 2010; Azizi et al. 2022). The lowermost part of the 
Igoudine Formation (~40 m thick) is dominated by massive 
black oolithic limestones, symmetric ripples, cross stratifi -
cations and rare dome-shaped stromatolites. The middle part 
(~30 m thick) consists of massive stratified dolostones, 
displaying crinkled, stratiform and dome-shaped stroma -
tolites, wave ripples, and rare cross stratifications. Some 
parasequences show faulted and overturned stromatolites, 
indicating an episodical instability and slumping of the sea -
floor. Based on the sedimentary facies analysis, the Igoudine 
Formation was deposited in the upper subtidal to intertidal 
environment. The topmost part of the Igoudine Formation is 
represented by “black oolitic limestone” of Schmitt (1979) 
consisting of massive, bedded oolitic limestone. This unit 
records the first appearance of small-sized archaeocyathan 
cups, dominantly characterized by irregular forms typically 
preserved in life position. Some beds exhibit erosional sur -
faces, cross-bedding and wave ripples. This unit is overlain 
by the first archaeocyathan-microbial reef complex (~30 m 
thick) distinguished as the Tiout Member of the Igoudine 
Formation, dominated by dendritic microbialites embedding 
archaeocyaths. Archaeocyathan cups are typically preserved 
in life position. The overlying Amouslek Formation is domi -
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nated by shales and siltstones, recording a rapid sea-level 
change from shallow marine restricted conditions to deeper 
marine conditions (Álvaro and Debrenne 2010; Azizi et al. 
2022). The lower interval of this unit contains numerous 
archaeocyathan-microbial bioherms and isolated patch reefs. 
The upper interval is dominated by shales and interbedded 
oolitic limestones, rare fine-grained sandstones beds, wave 
ripples and cross stratification, recording alternating 
transgressive-regressive sequences. 
 
Mineral composition and major elements  
The mineral composition of the limestone-dolomite suc -
cession of the Igoudine Formation is characterized by an 
interlayering of beds dominated by calcite or dolomite with 
small amounts of a quartz, K-feldspar, plagioclase, and phyl -
losilicate (chlorite and K-mica) assemblage (Fig. 3). The con- 
tent of calcite or dolomite reaches > 80 wt% in carbonate beds 
(in most of the sampled beds typically > 95 wt%). The content 
of non-carbonate phases is low (in most cases < 10 wt%) and 
is mainly represented by quartz and minor phyllosilicates 
(K-mica and chlorite). The lower part of the Amouslek 
Formation represented by shales and siltstones is character -
ized by quartz–feldspar (mainly plagioclase) and phyl- 
losil icate assemblages (Fig. 3). The quartz content in shale-
siltstone-sandstone beds varies from 27 to nearly 45 wt%, 
whereas feldspars and phyllosilicates constitute up to 44 wt% 
and 57 wt%, respectively. The carbonate beds in the upper 
part of the studied section are composed of calcite (> 85 wt%) 
and subdued amounts of dolomite (< 11 wt%) with minor 
quartz, feldspar, and phyllosilicates (Fig. 3).  

The major element compositions of the studied samples 
from Igoudine and Amouslek formations are shown in Table 1. 
The Igoudine carbonate rocks have a lower SiO2 content 
between 0.97 and 7.91 wt%, whereas the Amouslek calcare -
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Fig. 3. Mineral composition of the studied samples. Quartz + 
feldspars (quartz, K-feldspar, plagioclase), phyllosilicates  
(K-mica, chlorite), carbonate (calcite, dolomite). Calcite content 
is shown with white bars and dolomite content with gray bars.  
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ous shales show a high content of SiO2 ranging from 1.25 to 
77.65 wt%. The Al2O3 content shows moderate variations in 
Igoudine samples (0.19–1.42 wt%), but the variation is large 
(1.25–60.79 wt%) in the overlying Amouslek calcareous 
shales. The CaO content of the samples varies between 0.54 
and 6.25 in shales-siltstones and reaches 54.49 wt% in lime -
stones. The Amouslek samples are enriched in TiO2, which 
has a range between 0.004 and 0.77 wt%. The P2O5 was 
above the detection limit only in Amouslek calcareous shales 
with a maximum value of 0.19 wt%. The MgO concentrations 
are, as expected, the highest in dolomitic samples, reaching 
20.23 wt%, and the lowest in siltstone samples (0.32 wt%). 
The K2O content varies from 0.01 to 5.51 wt%, Na2O from 
0.01 to 4.29 wt%, Fe2O3 from 0.06 to 5.95 wt%, and MnO 
from 0.0075 to 0.24. 

 
Trace elements and rare earth elements 
The trace element and REE composition of the Igoudine and 
Amouslek formations is shown in Table 2 and Figs 4–7. The 
Igoudine carbonates are depleted in trace elements, except in 
Sr, which probably resides in carbonate minerals (calcite 
and/or dolomite). Similarly, trace element concentrations 
are low in pure carbonate beds of the Amouslek Formation, 
whereas trace element concentrations in calcareous shales in 
the lower part of the Amouslek Formation are somewhat 
higher and more similar to PAAS concentrations, with the 
exception of Sr and Mo that are slightly enriched with respect 
to PAAS values in some samples (Fig. 4).  

The ∑REE abundances in Amouslek Formation samples 
range from 15 to 171 mg·kg–1 (Table 2), while Igoudine 
Forma tion samples show low concentrations varying between 
3 and 28 mg·kg–1. The clear positive correlation between 
∑REE content and Th and Al (Fig. 5) suggests that the REEs 
are carried in mineral phases of the silt and clay fractions.  

The non-marine, mainly detrital origin of the REE 
signature is further suggested by the PAAS normalized 

REE patterns, showing shapes similar to the typical shale 
pattern with flat REE distribution (Fig. 6), while the modern 
oxy genated seawater REE+Y PAAS normalized pattern is 
characterized by negative Ce anomaly, positive Y anomaly 
and high REE (HREE) enrichment (Shields and Webb 
2004). 

Even in the pure carbonate lithologies from the Igoudine 
and Amouslek formations (calcite and/or dolomite content 
> 95 wt%), the PAAS patterns are flat with a slight depletion 
in HREE. Furthermore, the Y/Ho ratios of the samples vary 
from 25 to 36, characteristic of crustal values (Table 2). 
Yttrium is geochemically similar to Ho, and chondritic ma -
terials and igneous rocks show a Y/Ho ratio of ca 28 (Bau 
and Dulski 1996). However, in oxygenated seawater, Ho is 
preferentially removed by Fe-Mn oxyhydroxides (Bau and 
Dulski 1994), driving the Y/Ho values in modern oceans 
above 52 (Nozaki et al. 1997).  

Some of the studied samples show a positive Eu anomaly 
in the normalized patterns of shale (Fig. 8). During ICP-MS 
analysis, the formation of Ba oxide interferes with the Eu 
signal and can cause a false positive Eu anomaly (Kent and 
Ungerer 2005). However, there is no correlation between 
Eu/Eu* and Ba (r2 = 0.11, p > 0.10), nor with the mineral 
composition (feldspars can potentially carry excess Ba) in the 
studied samples. 

The chondrite-normalized REE patterns (Fig. 7) of the 
samples of the Amouslek and Igoudine formations exhibit 
similar shaped profiles with enrichments in the light REE 
(LREE), flat HREE, and weak negative Eu anomalies in most 
of the samples. The chondrite-normalized LaCN/YbCN ratios 
vary from 5.9 to 13.2 and from 5.5 to 26.3 in the Amouslek 
and Igoudine formations, respectively, showing fractionation 
and enrichment of the LREE. Also, the HREE is characterized 
by flat patterns with GdCN/YbCN values of 1.5–2.8 and 1.5–
3.6 for the Amouslek and Igoudine formations, respectively 
(Table 2).  
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Fig. 4. PAAS (Taylor and McLennan 1985) normalized trace element distribution of samples from Igoudine carbonates (red line) and 
from Amouslek carbonates and calcareous shales (gray line). Fm – Formation.  
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Discussion   
Provenance of the terrigenous fraction 
Major elements, trace elements, and rare earth element com -
positions carried by detrital phases allow the determina- 
tion of the source rocks of detrital fraction (Cullers 1995; 
Madhavaraju and Ramasamy 2002; Armstrong-Altrin et al. 
2004).  

Hayashi et al. (1997) have shown that Al2O3/TiO2 ratios 
range from 3 to 8 in mafic igneous rocks, increase to values 
ranging between 8 and 21 in intermediate rocks, and reach 
up to 70 in felsic igneous rocks. In the Igoudine Formation 
carbonates, Al2O3/TiO2 ratios vary from 23 to 39.8, but are 
somewhat lower in calcareous shales of the Amouslek 
Formation, varying between 22.3 and 26.3 (Table 1). The 
Al2O3/TiO2 ratios of the studied samples likely suggest the 
intermediate or mixed felsic (granite) and mafic (basalt) 
composition of the source rocks for the terrigenous fraction 
of sediments in the Igoudine and Amouslek formations 

(Fig. 8A), while the slightly higher Al2O3/TiO2 ratio in the 
Igoudine Formation points to a more acidic source rock com -
position.  

This interpretation is further supported by the Th/Co vs 
La/Sc plot (Cullers 2002; Fig. 8B), where the analyzed sedi -
mentary rocks plot in the field of silicic (felsic) source rocks. 
The clear felsic source rock signature of the terrigenous 
fraction in the studied sediments is also evident from the 
LREE enrichment (elevated LaCN/YbCN ratios) and rather flat 
HREE segments in the chondrite-normalized REE patterns of 
both formations, and from the appearance of a negative Eu 
anomaly in most of the samples in chondrite-normalized 
REE patterns (Fig. 7). In addition, a few samples from both 
forma tions show the signature of sediment recycling and Zr 
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Fig. 6. PAAS (Taylor and McLennan 1985) normalized REE + Y 
patterns of Igoudine and Amouslek formation samples. Fm – 
Formation.  

 
Fig. 7. Chondrite-normalized REE patterns of Igoudine and 
Amouslek samples, compared to plutonic rock and 
metasediment complexes in potential source areas (data from 
Barbey et al. 2001). Chondrite normalization values are from 
Taylor and McLennan (1985). 

 
Fig. 5. Covariance in total REE and Al2O3 and Th content in the studied samples. Fm – Formation.  

– –

–



addition in the Th/Sc vs Zr/Sc plot (Fig. 9), whereas most of 
the samples plot close to the upper continental crust value, 
suggesting limited recycling and/or sedimentary sorting. 
Overall, the REE patterns of the samples from the Igoudine 
and Amouslek formations are comparable with those of 
Paleoproterozoic–Neoproterozoic granites and metasediments 
of Kerdous inliers (Barbey et al. 2001; Fig. 7), which could 
be considered possible source areas for the terrigenous frac -
tion deposited in the shallow carbonate platform during the 
early Cambrian in the Anti-Atlas region. 
 
Paleo-redox conditions 
The content and ratios of several trace elements such as Mo, 
U, Cr, Ni, Co, V, and Mn are widely used as proxies for oxic, 
dysoxic, suboxic (anoxic-ferruginous) and euxinic paleoredox 
conditions, which are important for interpreting and under -
standing biogeochemical cycles (e.g. Breck 1974; Wignall 

and Myers 1988; Poulton and Canfield 2011; Algeo and Li 
2020). Over the decades, several redox proxies have been 
developed to allow the distinction between deposits formed 
under oxic, dysoxic, suboxic, ferruginous and/or euxinic 
redox conditions using redox sensitive trace elements that 
tend to be enriched under reducing conditions (e.g. Hatch and 
Leventhal 1992; Jones and Manning 1994; Tribovillard et al. 
2006). However, a recent critical re-evaluation of many trace 
element ratios has questioned their usability as universal 
paleoredox proxies (Algeo and Liu 2020). Instead, Algeo and 
Li (2020) and Bennett and Canfield (2020) have suggested 
that only Mo, U, Re as well as transition metal V are the 
meaningful elements for redox interpretation analysis with 
reasonably well differentiated redox thresholds for distinct 
redox conditions and depositional environments. 

For the analyzed dataset, it is evident that the hydro -
genous redox proxies (e.g. Ce anomaly) cannot be assessed 
even in the purest carbonate samples with the calcite or do -
lomite content of >  95 wt%, where the trace element and REE 
signature is carried in the terrigenous fraction of the sediment. 
This is due to low REE concentrations in the carbonate phases 
masked by detrital phases and/or overprinting due to dia -
genetic processes (e.g. LREE recycling from the dissolution 
of Fe-Mn oxyhydroxides), which significantly mutes the sea -
water signatures (Caetano-Filho et al. 2018). 

However, to estimate the degree of enrichment or de -
pletion of redox sensitive trace elements in the terrigenous 
fraction of the sediments, the trace element values were 
normalized against  Al (e.g. Bennett and Canfield 2020). The 
V, U, and Mo enrichment values are consistently low in both 
formations and are between 2.5 and 12.1, 0.1 and 0.5, and 0.1 
and 1.0, respectively (Table 2, Fig. 10). Enrichment of these 
elements is characteristic of suboxic-anoxic (euxinic) deposi -
tional settings, where authigenic molybdenum is taken up as 
particle-reactive thiomolybdate (Tribovillard et al. 2012), 
whereas reduced uranium (Barnes and Cochran 1990) and 
vanadium (Wanty and Goldhaber 1992) become immobilized 
in insoluble reduced forms. Compared with the discrimi -
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Fig. 9. Zr/Sc vs Th/Sc plot showing compositional variation in 
the sample sets and Zr addition in some samples. Composition 
of the upper continental crust (UCC) (Rudnick and Gao 2003) is 
marked with the blue box. 

 
Fig. 8. Provenance discrimination diagrams for Igoudine and Amouslek samples. A – TiO2 vs Al2O3 (Hayashi et al. 1997).  
B – Th/Co vs La/Sc (Cullers 2002). 



nation of depositional conditions in the Bennett and Canfield 
(2020) compilation, most of the samples from the Amouslek 
and Igoudine formations plot outside the environmental fields 
defined by V/Al and Mo/Al ratios in modern marine muds 
(Fig. 10B). However, in the V/Al vs U/Al plot (Fig. 10A), the 
samples are in or close to the oxic field below the perennial 
oxygen minimum zone and the euxinic basin fields. In ad -
dition, although V and U enrichments show some variability 
in the sampled succession, the values stay within the range 
corresponding to the prevailing oxic depositional conditions 
(Fig. 11). Thus, our data show that the water column was 
prevailingly oxidized before, during and after the transition 
from the microbial consortium (stromatolite-dominated biota) 
to the thrombolite-archaeocyathan consortium and shelly meta -
zoans at the Tommotian–Adtabanian (Cambrian Terreneuvian– 
Cambrian Epoch 2) boundary interval of the Anti-Atlas 
successions. This implies that the seawater redox status was 
not driving an important change in biological communities 
in these successions. 

Indeed, although the final oxygenation of the atmosphere 
and ocean has been viewed in unison with the evolution of 
animal life, it has been shown that elevated oxygen was not 
the driving cause for animals to evolve (Knoll and Carroll 
1999; Cole et al. 2020). The first fossil evidence for meta -
zoans (sponges) dates back to as early as ca 890 Ma in the 
Tonian age (Turner 2021), when oxygen levels were only 
starting to rise (Wang et al. 2015). Moreover, the Cambrian 
explosion, defined as multi-phased rapid diversification of 
metazoans and their body plans coupled with progressive 
increase in ecosystem complexity, was not a single-step 
change but occurred during the first 20 million years of the 
Cambrian Period (Zhang and Shu 2021). On the one hand, a 
rise in oceanic oxygen has been suggested to partially explain 
the emergence of the Cambrian explosion (e.g. Sperling et al. 
2015), on the other hand, the ocean water column redox was 
highly variable but mainly anoxic in the late Ediacaran and 
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Fig. 10. Vanadium enrichments against uranium (A) and 
molybdenum (B) in the Amouslek and Igoudine formations. The 
fields for modern muds in oxic, euxinic basins, within and 
beneath perennial oxygen minimum zones (P-OMZ) are from 
Bennet and Canfield (2020). Fm – Formation.  

 
Fig. 11. V and U enrichment of 
sediments of the Igoudine and 
Amouslek formations in the Fouanou 
syncline (paleoredox condition 
boundaries from Bennet and 
Canfield 2020). Samples marked 
with squares are shales, circles 
denote carbonate-dominated 
samples.   

– –

–
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early Cambrian (Wei et al. 2018; Tostevin et al. 2019). Zhang 
and Shu (2021) have recently reviewed the current state of 
understanding the causal mechanisms of the Cambrian ex -
plosion, and no single environmental nor biological cause can 
explain this phenomenon. 

In the western Anti-Atlas, the onset of thrombolites-
archaeocyathan reefs and shelly metazoans succeeded stro - 
matolite consortia in a transgressive context (Álvaro et al. 
2003; Clausen et al. 2014). Clausen et al. (2014) have sug -
gested that the main control on the diversity and migration of 
archaeocyaths and shelly metazoans was the early Cambrian 
(Cambrian Epoch 2, Age 3) emergence of open marine con -
ditions, facilitated by differential subsidence of the platform 
and a long-term sea-level rise. Cambrian Age 3–4 intervals 
are characterized by a peak in carbonate productivity in re -
lation to a globally warm climate. Recent reconstructions of 
the early-Cambrian paleogeography place the Anti-Atlas at 
paleolatitudes of about 25–35° S, suggesting a warm and 
semi-arid climate (Álvaro et al. 2000, 2003; Clausen et al. 
2014). The delayed records of shelly metazoans in the Anti-
Atlas basins could be explained by the restricted connection 
with the open ocean realm, limiting the immigration of 
metazoans but promoting the establishment of microbial 
ecosystems. 

Conclusions  
This study shows that the lower Cambrian Igoudine Forma -
tion limestone-dolomite succession of the Anti-Atlas is domi- 
nated by calcite or dolomite composition with small amounts 
of quartz, K-feldspar, plagioclase, and phyllosilicate. The 
lower part of the succeeding Amouslek Formation, repre -
sented by shales and siltstones, is characterized by quartz– 
feldspar and phyllosilicate assemblages, whereas the upper 
parts of this formation are dominated by carbonate minor 
quartz, feldspar and phyllosilicates. 

Discrimination diagrams of the source rocks based on 
major elements and trace elements (Th/Co versus La/Sc, TiO2 

versus Al2O3 and Th/Sc versus Zr/Sc), chondrite-normalized 
REE patterns of carbonate and calcareous shale samples 
further indicate that the sediments were likely derived from 
weathering and erosion of predominantly felsic rocks that can 
be tied to Paleo-Neoproterozoic granites and metasediments 
of the Kerdous inlier. 

Redox proxies such as U/Al and V/Al suggest that the 
Igoudine and the Amouslek formations of the Anti-Atlas 
successions were deposited in the oxic environment. This 
implies that the seawater oxygenation status was not driving 
the biological replacement of microbial consortium (stroma -
tolite-dominated biota) by a thrombolite-archaeocyathan con- 
sortium and shelly metazoans in the western Anti-Atlas, but 
was controlled by a restricted connection to the open sea, 
which promoted the evolution of microbial ecosystems. 
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Maroko lääne Anti-Atlase vara-Kambriumi läbilõike geokeemia.  
Vihjed päritolule ja paleo-redokstingimustele 
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Olev Vinn, Ahmid Hafid ja Kalle Kirsimäe 

Igoudine ja Amouslek kihistud (Terreneuvi ja Kambriumi teise ladestiku piiril) Maroko lääne Anti-Atlases ka-
jastavad stromatoliite sisaldavate komplekside asendumist tromboliitide-hulkraksete kooslustega. Mõlema 
kihistu karbonaatseid kivimeid ja karbonaatseid argilliite on uuritud põhielementide, jälgelementide ning ha-
ruldaste muldmetallide osas, et hinnata terrigeense fraktsiooni päritolu ja paleo-redokstingimusi. Põhiele-
mentidel ja valitud jälgelementidel põhinevad lähtekivimite eristusdiagrammid näitavad, et setete terri - 
geensed fraktsioonid pärinevad tõenäoliselt valdavalt ränidioksiidirikastest kivimitest ning lähtekivimiteks 
olid Paleoproterosoikumi-Neoproterosoikumi graniidid ja Kerdouse piirkonna setted. Paleo-redokstingimuste 
indikaatorid nagu U / Al, V / Al ja Mo / Al viitavad sellele, et Igoudine ja Amouslek kihistute settimine toimus 
hapnikurikkas keskkonnas. Uuringu tulemused näitavad, et kohalik veemass oli hapnikurikas juba enne üle-
minekut mikroobide kogumike (stromatoliidid) domineeritud elustikult tromboliitide-arheotsüaatide koos-
lusele. See tähendab, et merevee redoksseisund ei põhjustanud bioloogiliste koosluste muutust. 

 


