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Abstract

:

The study of Neoproterozoic carbonate sequences is complicated due to several variables influencing the geochemical and mineralogical composition, compounded by the scarcity of environmental analogs. The Tamengo Formation in the Corumbá Group is one of the most extensively studied archives of the Neoproterozoic in South America and encompasses Ediacaran guide fossils of Corumbella werneri and Cloudina lucianoi. This research focused on a marl sample containing well-preserved bioclasts of exoskeletons of Corumbella werneri, which is one of the earliest biomineralizing organisms. By utilizing diverse techniques such as optical and SEM microscopy, QEMSCAN imaging, electron microprobe, in situ ICP-MS, and isotope analyses, this study reveals primary and secondary signals in the bioclastic exoskeletons and the matrix within. These findings shed light on the sedimentary environment and diagenetic history of the Tamengo Formation. It is revealed that Corumbella werneri likely inhabited calm conditions, just below the base of storm waves and above a sharp chemocline at the bottom. In addition, the presence of distinct hydrothermal signals in the composition of REEs indicates a potential magmatic event that occurred in the region after the deposition of the succession. This pilot study highlights that the history recorded in the Neoproterozoic rocks of the Tamengo Formation is complex, and thus more detailed studies integrating lithological, paleontological, and geochemical parameters are necessary to reach a correct interpretation of this sequence.
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1. Introduction


The Neoproterozoic spans the geological time interval between 1 Ga and 0.538 Ga [1]. During this era, tectonic, climatic, and environmental events have imparted their signatures in the chemical and sedimentary archives of carbonate rocks [2,3,4,5,6,7].



Investigations utilizing elemental and isotopic geochemistry play a pivotal role in deciphering Precambrian sequences; however, they are made particularly complex by the paucity of analogs with present-day settings, both in terms of biota and environmental conditions [8]. Additionally, the original chemical and isotopic composition of the rocks may undergo modifications during diagenesis, due to interactions between rocks and fluids as well as changes in temperature and pressure [9,10]. Therefore, a proper interpretation of geochemical signals in Neoproterozoic records requires a thorough characterization of the lithofacies and mineralogical and geochemical properties of a rock. Consequently, it requires an approach that integrates sedimentologic, petrographic, mineralogical, and geochemical parameters to constrain the different variables.



The Corumbá Group, situated in the western region of Brazil within the geological context of the Paraguay Belt, underwent a complex geological history, transitioning from a rift-type basin to a passive margin [11,12,13]. The rocks of the Tamengo Formation, occurring in the upper part of this group, are one of the most studied records of the Neoproterozoic in South America, and are particularly known for yielding some of the earliest organisms with mineralized exoskeletons, including Corumbella werneri Hahn et al.,1982 [14] Cloudina lucianoi [15], and Cloudina carinata Cortijo et al., 2010 [16,17].



In this research, a sample of the Tamengo Formation containing exceptionally well-preserved bioclasts of Corumbella werneri was studied. It integrated different petrographic, geochemical, isotopic, and mineralogical parameters measured from the exoskeletons of Corumbella werneri and the matrix in-between to identify the primary and secondary signals. Notably, this investigation addresses a research gap, providing substantial insights into the mineralogical, elemental, geochemical, and isotopic characteristics of Corumbella werneri exoskeletons and the associated rock. It is revealed that both primary and secondary signatures are recorded in the studied sample, indicating that Corumbella werneri probably lived in a calm environment, just below the storm wave base and above a sharp and shallow chemocline. In addition, a magmatic event might have occurred at a regional scale during or after the burial of the Tamengo Formation.




2. Geological Settings


The southern portion of the Paraguay Fold Belt comprises units from the Cuiabá Group and Puga Formation. In addition, there are rocks from the Jacadigo Group and the carbonate and siliciclastic rocks of the Corumbá Group (Figure 1A; [11,12,13]). The sedimentation of the Corumbá Group took place after the breakup of the Rodinia Supercontinent at the end of the Neoproterozoic. It is characterized, from bottom to top, by the Cadieus, Cerradinho, Bocaina, Tamengo, and Guaicurus formations [18,19,20].



Among the association of carbonate and siliciclastic rocks of the Corumbá Group, the Tamengo Formation stands out, especially for its fossil content. The presence of two guide fossils, Cloudina lucianoi and Corumbella werneri, allows for the positioning of the Tamengo Formation in the uppermost Ediacaran [13,17,18,21,22]. This age is corroborated by the absolute dating of [23,24], with a U-Pb age on volcanic ash of around 542 ± 0.32 Ma (2 s).



The Tamengo Formation represents a neritic marine environment from shallow to deep settings [12,13,21,22]. Its basal portion comprehends breccias and sandstones, transitioning to dolostones and limestones, and concluding with marls and shales [13,25,26]. This unit exhibits two facies associations: (i) shoreface with oolitic bars and (ii) offshore influenced by storms [27,28].



In the Porto Sobramil section, Figure 1B, the highlighted layers represent the upper portion of the Tamengo Formation. In this context, three distinct levels of siltstones and mudstones are identified, showcasing the presence of Corumbella werneri. These strata alternate with limestones where the occurrence of Cloudina lucianoi is documented (Figure 1C; [17]).



The authors of [14] proposed a new Subclass, Corumbellata, within the Order Corumbellida and the Family Corumbellidae due to the morphological complexity of the organism. Some researchers classified Corumbella werneri as a vendobiont, a group with a brief existence in the late Neoproterozoic, while others compared its features to conulariids or coronates in the Class Scyphozoa, Phylum Cnidaria [29,30,31]. However, recent studies such as [32] discuss and question the previous classification based on taphonomic and morphological considerations.



Although there have been many related studies, the classification, preservation, and other aspects related to the life behavior of Corumbella werneri also remain shrouded in mystery. In [27] the authors use the fossils found in the Tamengo Formation as a foundation to investigate aspects related to sedimentation and position on the carbonate ramp, proposing that the muddy rocks and impure limestones containing exoskeletons of Corumbella werneri originated from an outer ramp.
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Figure 1. (A) Geological Map of the Paraguay Belt with emphasis on the studied area (red rectangle), modified from [33]; (B) Geological Map and Location of the study section, modified from [33]; (C) Section of the Sobramil Quarry with emphasis on the sample location (black star), adapted from [17]. 
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3. Materials and Methods


This study uses geochemical and mineralogical analyses on a sample containing well-preserved fragments of the exoskeleton of Corumbella werneri to identify the signal of paleoenvironmental and post-depositional processes. The material was selected considering the occurrence of Corumbella werneri fragments with particularly good preservation to identify the most pristine signals. Most of the time, the specimens of Corumbella werneri in the Tamengo Formation occur as molds or in an oxidized form without retaining the original exoskeleton; therefore, the sample selected for this study is of a rare kind, with exceptionally good preservation. This sample is housed at the Museum of Geosciences at Research Collection, under the acronym CP.



The sample was sectioned into five slices, one of which was used for a polished thin section while the other four were mounted in resin and then polished. Three sections were created, two with a single sample piece each and one with two discrete pieces.



3.1. Petrographic Analysis


Macroscopic evaluation included an assessment of textural aspects and potential evidence of sedimentary and diagenetic structures. Microscopic observations were conducted in the Micropaleontology Laboratory at the University of Brasilia using a Zeiss Axioscope 5 optical petrographic microscope equipped with ZEISS (Oberkochen, Germany) Zen 3.4 software to identify compositional, textural, and diagenetic features [34].




3.2. Mineralogical Analyses


The investigation was conducted at the Quantitative Electron Microprobe Laboratory (QEMLab) at the University of Brasilia. The instrumental platform employed was the QUANTA FEI 650F, model QEMSCAN, equipped with two Energy-Dispersive X-ray Spectroscopy (EDS) detectors of the BRUKER XFLASH model. Analysis conditions for the generation of geochemical maps were set at a voltage of 15 kV, a current of 10 nA, and under high vacuum.



For the analysis of field images, the specified parameters encompassed a pixel spacing of 10 μm, a count of 3000 per pixel, and an average analysis duration of seven hours. After the analytical phase, the sample underwent processing through IDiscover 5.3, utilizing the QEMLab’s internal Species. A bespoke identification protocol was formulated in this research, necessitating modifications to the laboratory’s internal SIP (Oil & Gas SIP List). The minerals were systematically categorized into four primary groups: calcite, quartz, clay minerals, and accessory minerals. A necessity for reclassification arose due to the clay minerals’ granulometry being smaller than the machine’s beam size (>10 μm) [35].




3.3. Electron Microprobe


The analyses were conducted to chemically characterize major and minor elements present in both the exoskeletons and matrix of the rock. This investigation aimed to determine the concentrations of twelve elements, Mg, Al, Si, K, Ca, P, Ti, Mn, Fe, Ba, Sr, and V, in the exoskeleton and the matrix, separately. The study employed a JEOL-JXA-8230 microprobe (Tokyo, Japan) located in the Electron Microprobe Laboratory at the University of Brasilia. The analytical conditions included an electron beam acceleration of 15 kV with an electric current of 5 nA.




3.4. Trace and Rare Earth Elements


Trace element compositions were obtained at the Laboratory of Geodynamics, Geochronology, and Environmental Studies (LEGGA) of the University of Brasilia using a Thermo Finningan Element XR high-resolution single-collector sector field ICP-MS coupled to a 193 nm Iridia laser ablation system. Analyses were performed on both exoskeletons and the matrix, separately. The spots were taken cautiously in order to avoid overlap between the two constituents, which are both larger than the beam size. The following masses were analyzed: 25Mg, 29Si, 43Ca, 47Ti, 55Mn, 59Co, 60Ni, 63Cu, 66Zn, 85Rb, 88Sr, 89Y, 95Mo, 137Ba, 139La, 140Ce, 141Pr, 143Nd, 147Sm, 151Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 177Hf, 208Pb, 232Th, and 238U. Each mass was measured for 10 ms during 49 runs. The laser parameters included an ablation spot size of 50 µm for the samples and 20 µm for the reference materials, a laser fluence of 2.0 J/cm², and a laser repetition rate of 20 Hz. Each spot analysis consisted of 20 s of sample ablation and 10 s of background measurement.



The primary reference material was SRM NIST612 glass [36] and the reference materials used for quality control were SRM NIST610 glass [36], Diamantina monazite [37], and Durango apatite [38]. The results were processed through Iolite 4.0 [39] as time-resolved signals. The internal reference value used for calibration was stoichiometric CaO (40 wt. %) for the carbonate samples, CaO (20 wt. %) for the Durango apatite, and Ce2O3 (28 wt. %) for the Diamantina monazite. The precision of multiple analyses of the quality control reference material is better than 5% for most elements and agrees within uncertainty with published data from [36,37,38].




3.5. C and O Isotopes


C and O isotope compositions were obtained at the Laboratory of Geodynamics, Geochronology, and Environmental Studies (LEGGA) of the University of Brasilia. The exoskeleton of Corumbella werneri and the matrix were sampled separately utilizing micro-scale perforations on the polished surfaces. The matrix was sampled at 7 points and the exoskeletons at 5 points. After microdrilling, 0.2 mg aliquots from each sample were precisely weighed and enclosed in sealed glass tubes equipped with caps and septa. These tubes were subsequently introduced into the Gas Bench II apparatus, undergoing a flushing process to remove atmospheric air and replace it with helium.



Following the flush, the samples underwent a reaction with 99% H3PO4 at a controlled temperature of 72 °C. The resultant CO2 gas from the reaction was then directed through the gas flow controller Conflo IV and subsequently to the IRMS Delta V Plus, enabling the precise determination of the isotopic ratios of C and O in the gas. The reported results are expressed in delta notation relative to the Vienna Pee Dee Belemnite (VPDB) standard [40], meticulously calibrated against the international standard NBS-19 and an in-house CABRA (Carrara marble from Brasília) reference material.




3.6. Sr Isotopes


The determination of strontium isotopic ratios was conducted at the Laboratory of Geodynamics, Geochronology, and Environmental Studies (LEGGA) of the University of Brasilia. For the analysis of strontium isotopes (87Sr/86Sr), samples were collected from selected surfaces with laser ablation (LA), utilizing an Analyte Excite ArF 193nm coupled to a multi-collector (MC)-ICP-MS Neptune XT. The exoskeleton of Corumbella werneri was sampled from 45 points on a mount (Figure S1), whereas the matrix was sampled from 25 points on a thin section (Figure S2). The matrix sampled from the mount did not yield reliable values.



The analyses were performed with a spot diameter of 110 μm, operating at a frequency of 20 Hz, and employing a nominal energy of 4.72 J/cm2. The ablated aerosol was purged from the HelEx II laser cell using 0.71 L/min (0.35 + 0.35) of helium. The Neptune XT was employed, equipped with nine Faraday detectors measuring masses from 82 to 88 in static mode with amplifiers of 1011 Ω. The Neptune XT is equipped with the Jet interface, a combination of a high-efficiency dry mechanical pump and a mix of “Jet” and “X” cones, enhancing sensitivity during the analytical session as reported by [41,42].



Background measurements were taken 10 s before each ablation, followed by data acquisition for 30 s. Raw data were integrated every 1.031 s. Mass bias was corrected by normalizing to 86Sr/88Sr = 0.1194. Rb and Kr interferences were corrected using the exponential law and the natural 87Rb/85Rb = 0.38560, 84Kr/83Kr = 4.95565, and 84Kr/83Kr = 1.5026 ratios. Any residual bias was corrected by normalizing to an in-house otolith (OTH; ID-TIMS 87Sr/86Sr = 0.70912) reference material, representative of the isotopic composition of modern oceanic water (0.70918, for example [43,44]). Walnut Canyon calcite [45] was used for quality control. Raw data were processed using Iolite 4.0 [39] and the Sr Universal DRS [46].





4. Results


The results presented below include characterization of the petrography, chemical composition, rare earth elements (REE), and Sr, C, and O isotopes of the exoskeletons of Corumbella werneri. Supplementary Materials providing further details is available.



4.1. Petrography


The studied sample has a clastic texture with a clear, yellowish-to-brown/gray matrix and bioclasts with a dark gray color (Figure 2A). Approximately 10 to 15% of the bioclasts are elongated, semi-cylindrical forms, originating from fragments of the fossilized exoskeletons of Corumbella werneri. Fragments range from 1 mm to 5 mm, with a predominance of 3 mm; however, there are also occasional fragments of 7 mm dispersed randomly (Figure 2B).



Microscopically, the rock consists of 80% matrix, 15% fragments of Corumbella werneri, and 5% extraclasts. The matrix has a marly composition, consisting of 50% brownish micrite and 30% grayish clay. Both constituents are homogeneously distributed throughout the rock (Figure 2C,D).



Bioclastic fragments vary in size from ~0.25 cm to ~0.4 cm and are predominantly larger than 0.3 cm. They usually present a cylindrical shape and a thin wall (Figure 2E). Additionally, extraclasts of quartz, with an average size smaller than 0.5 mm and an irregular shape, are observed. The rock does not show significant sedimentary structures.



Microscopic analysis did not reveal significant secondary features in the texture and composition of the rock matrix. As for the bioclasts, they show evidence of fragmentation due to clastic transport, but no diagenetic alteration. SEM analyses also revealed no post-depositional textures, such as sparry calcite and well-developed cements. Only occasional minor compositional modifications were observed in the exoskeletons, evidenced by micrometric crystals of authigenic pyrite (Figure 3A) and silicification (Figure 3B).



Mineral imaging using QEMSCAN was applied to better visualize mineral phases (Figure 4) and understand the arrangement and interaction of constituents. The mineralogical composition consists of approximately 58% calcite, 19% quartz, 17% clay minerals, and 5% pores. Additionally, accessory minerals (<0.2%) such as rutile, K-feldspar, zoisite, dolomite, pyrite, and apatite are observed in the rock. Based on the textural and compositional observations, the rock can be classified as a bioclastic packstone with a marly matrix [47,48].




4.2. Chemical Composition


The graphs in Figure 5 were generated from the data obtained with electron microprobe analysis to compare the abundance of major and minor elements between the matrix and the exoskeleton fragments of Corumbella werneri. The exoskeleton fragments are predominantly calcitic, with values of CaO mostly higher than 95%. Although it is sometimes slightly lower, it still remains above 85%. When CaO values are below 95%, there is an increase in terrigenous elements such as aluminum and silica, which are more abundant in the matrix. Therefore, in the few spots with lower values of CaO, there might have been a little contamination from the matrix lying below the bioclast during the analysis. This contamination, however, does not change the main composition of the constituents. The other elements show much lower percentages and are classified as minor and trace elements depending on their concentrations.



More significant elemental variability was identified in the matrix, with oscillating values, especially of SiO2 and Al2O3. These elements can be the signal of terrigenous minerals such as quartz and clay minerals, as evidenced in the petrographic and QEMSCAN data. MgO, CaO, FeO, MnO, BaO, K2O, and TiO2 were observed in smaller amounts.



The matrix showed a significant siliciclastic contribution. The Pearson coefficients in the rock matrix (Table 1) were fairly good (P > 0.4) between Al2O3 vs. MgO, Al2O3 vs. K2O, and MgO vs. FeO, which can be explained by the compositional variations in clay minerals. Meanwhile, the correlations of CaO vs. MgO and CaO vs. FeO are considered moderate (P ≥ 0.4) and can be explained by the influence of the micritic fraction, which occurs in smaller quantities in the matrix and may undergo diagenetic alterations.



A strong negative correlation (P > 0.9) between SiO2 and Al2O3 was observed, indicating that these two elements can be associated with two different terrigenous phases, such as SiO2 to quartz and Al2O3 to clay minerals. Similarly, minor anticorrelations between SiO2 vs. MgO, SiO2 vs. K2O, and SiO2 vs. FeO may occur due to chemical variations within the clay minerals.



The exoskeleton exhibits very high values of CaO, with it being the only major element. The established correlations between the minor elements MnO vs. FeO and MgO vs. FeO showed low correlation levels (P = −0.3), suggesting a low diagenetic alteration of the chemical composition (Table 2).



The correlation between CaO vs. FeO is also negative and very small (P = −0.4), but this relationship may be attributed to the presence of pyrite in the fossils. Finally, the correlation between MnO vs. MgO can be explained by the very limited presence of dolomite, which may represent diagenetic alterations.




4.3. Rare Earth Elements (REEs)


The analyses of trace elements, rare earth elements, and some indices of the fossil and the matrix are presented in Table 3. The Europium anomaly (Eu/Eu*) was calculated using the expression (2 × EuN/SmN + GdN) in [49], where N signifies values normalized to PAAS [50]. For a better visualization of the data patterns, separate graphs were generated for the two analyzed constituents.



In general, the analyzed sample shows a high abundance of total rare earth elements (ΣREEExoskeleton = 18.029 and ΣREEMatrix = 31.780). In the exoskeletons, despite the homogeneous pattern observed in Figure 6, there is an enrichment of light rare earth elements (NbN/YbN = 2.053 and PrN/YbN = 2.211) and a depletion of medium rare earth elements (NdN/DyN = 1.314) with respect to heavy rare earth elements. Additionally, there are slightly positive anomalies of Europium (Eu/Eu* = 1.392 ± 0.101).



In the matrix, the observed pattern is like that of the exoskeletons, with enrichment of light rare earth elements (NbN/YbN = 1.035 and PrN/YbN = 1.159) and a slight depletion of medium rare earth elements (NdN/DyN = 0.947) with respect to heavy rare earth elements. Additionally, there are slightly positive anomalies of Europium (Eu/Eu* = 1.201 ± 0.079).




4.4. Sr, C, and O Stable Isotopes


The weighted average 87Sr/86Sr value obtained for the matrix was 0.70903 ± 0.00009 (2s, MSWD = 2), while it was 0.70885 ± 0.00002 (2s, MSWD = 1) for the exoskeletons of Corumbella werneri. The 87Sr/86Sr values of the matrix were more radiogenic than those of the exoskeletons.



The δ13C results show a slight variation between the matrix and the exoskeletons, ranging between 3.98 and 4.26‰ in the former and 3.77 to 4.91‰ in the latter. As for the δ18O values, they range from −10.99 to −11.56‰ in the matrix and between −10.95 and −11.55‰ in the exoskeletons (VPDB).



The graphs in Figure 7 represent the dispersion of the analyzed data. It is noticeable that the matrix and the exoskeletons exhibit similar signals for δ13C and δ18O, whereas the signals of 87Sr/86Sr, although only slightly different, are statistically significant. The dispersion of the 87Sr/86Sr values in the exoskeleton is very small, showing a reproducibility like that of the reference material Walnut Canyon (WC) [51]. On the other hand, the matrix shows much more dispersed 87Sr/86Sr values.





5. Discussion


Typically, Proterozoic rocks undergo isotopic alterations resulting from diagenetic and metamorphic processes. Considering this, several researchers such as [52,53,54,55] propose integrating lithochemical and isotopic data to determine the presence of potential modifying processes and the degree of alteration in the isotopic signal.



The isotopic composition of strontium (Figure 7b) exhibits a significant difference in the dispersion of the values between the matrix and the exoskeleton, as they are much more scattered in the former than in the latter. The slightly higher average and the larger dispersion of the values of the matrix may be attributed to the contribution of siliciclastic material, which is not present in the exoskeleton fragments. This indicates that the 87Sr/86Sr signal is mainly primary, as if there had been open system behavior, the detrital Sr would have contaminated the isotopic composition of the exoskeleton and increased the dispersion of the values.



The different composition of major and trace elements observed between the exoskeletons and the matrix, with a very low abundance of metals in the former, indicates that there was no significant exchange of elements between the two types of constituents during diagenesis. The abundance of clay minerals in the exoskeleton of Corumbella werneri is below the detection limit, so they could not be studied statistically. This, however, indicates that clay mineral contamination was neglectable. Additionally, the graphs shown in Figure 5 and Table 1 and Table 2 show a clearly different chemical composition between the two types of constituents, with the matrix more enriched in elements of siliciclastic origin due to its marly composition. This indicates that there has been no significant exchange of elements, so the effect of diagenesis has not been notably significant.



Additionally, the exoskeletons exhibit Mn/Sr averages of 0.85, Rb/Sr of 0.02, and a Sr concentration of 2220 ppm. The authors of [53] proposed that strontium isotope values in Neoproterozoic carbonates can be considered primary when Mn/Sr < 2, Rb/Sr < 0.005, and the Sr concentration is between 150 and 2500 ppm. Despite having a slightly higher Rb/Sr, the values of these parameters in the exoskeletons of this study align with the criteria of [53] for a primary signal. Furthermore, the 87Sr/86Sr values of the exoskeletons also agree with those proposed by [56] for the end of the Ediacaran period.



These observations suggest that the Sr isotopic composition of both the matrix and the exoskeletons is primary, as a diagenetic alteration would have homogenized the isotopic signal between the constituents and altered the lithogeochemical parameters. The 87Sr/86Sr values of the exoskeletons are also consistent with data from bulk rocks of the carbonate facies of the Tamengo Formation, ranging from 0.70848 to 0.70892 [57]; 0.7084 to 0.7085 [58]; 0.7084 to 0.7085 [23]; and 0.7085 to 0.7089 [59], as well as with the coeval Itapucumi Group in Paraguay, which presents 0.708604 [60].



In [55] the authors observed that diagenesis and metamorphism often increase Mn content and decrease Sr content in sedimentary rocks. The authors also suggest that Mn/Sr values < 1.5 and δ18O > −10‰ (VPDB) may indicate a primary origin of the carbon isotopic composition. As previously discussed, and considering the absence of primary Mn minerals, the studied sample exhibits average Mn/Sr values of 1.360 in the matrix and 0.849 in the exoskeletons, along with average δ18O values of −11.15 and −11.28 (VPDB) in the matrix and in the exoskeletons, respectively. These values may indicate negligible chemical alteration during diagenesis, which is also testified by the absence of significant secondary features observed in the petrography. Therefore, the δ13C values can reflect the composition of the inorganic carbon dissolved in the water of the sedimentary environment. These considerations about the signature of various geochemical parameters, alongside the texture observed in the microprobe images (Figure 3), also corroborate that Corumbella werneri had a carbonate exoskeleton, as proposed by [32] and differently from [61], which considered it organic.



The oxygen isotope exhibits extremely low values in both the matrix and the exoskeletons, consistent with most of those documented for the Neoproterozoic, e.g., [4,62,63,64,65]. Extremely low δ18O values are commonly interpreted as the result of meteoric diagenesis; however, the reason why they are widespread in the Neoproterozoic is still unclear. Considering the absence of evidence of meteoric diagenesis in the studied sample, and the controversial origin of low δ18O values in the Neoproterozoic, we do not have adequate information to make a conclusive interpretation of the δ18O values in this case study.



On the other hand, the δ13C data can contribute to the understanding of the living conditions of Corumbella werneri. As discussed above, the origin of the signal is mainly primary; therefore, the similarity of the carbon isotopic values between the micrite in the matrix and the exoskeletons suggests that these two constituents formed under the same environmental conditions. Iron speciation data in a recent study by [66] suggest that the depositional environment of the Tamengo Formation was mainly anoxic. However, the presence of fragments of Cloudina lucianoi and Corumbella werneri, which needed oxygen to survive, led to the interpretation that the water column was sufficiently oxygenated, but there was a sharp chemocline near the bottom where the conditions turned anoxic [66].



In Neoproterozoic carbonate platforms, micrite was produced by microbial mats and then swept and redeposited in deeper and calmer settings nearby, e.g., [67]. Additionally, the exoskeletons of Corumbella werneri are extremely thin and, therefore, fragile and easy to disintegrate by clastic transport. The exoskeletons in the studied sample occur in relatively large (mm size) fragments, and thus may not have been transported for a long distance after the death of the organism [28]. This suggests that Corumbella werneri lived in low energy conditions, near microbial carbonate mounds that produced micrite. Moreover, considering that the average δ13C values of bulk carbonate facies in the Tamengo Formation are between 5‰ and 6‰ [26], the slightly lower values recorded in the exoskeletons of Corumbella werneri and the micrite in-between indicate that they formed in conditions slightly deeper than the main carbonate factory, where the recycling of C was slightly slower (Figure 8A). This interpretation corroborates those of previous authors based on sedimentological and stratigraphic analyses, which proposed that the marly-to-shaly intervals with fossils of Corumbella werneri in the Tamengo Formation represent an environment just below the storm wave base, with some high-energy episodes that provided oxygen to the Corumbella werneri. This setting was deeper and calmer than that of most of the carbonate deposits of the Tamengo Formation, which display frequent hummocky cross-lamination and bioclasts of Cloudina lucianoi [27,28]. The dwelling environment of the Corumbella werneri was also situated above a sharp chemocline, which separated it from the anoxic bottom beneath [66]. After the death of the organisms, the exoskeletons got transported by gravity and deposited below the storm wave base, together with micrite and siliciclastic mud coming from the continent, which formed the marly matrix (Figure 8B).



The concentrations of REEs observed in the sample of this study exhibit a relatively homogeneous pattern between light and heavy REEs. However, there is evident enrichment in light elements both in the matrix and in the exoskeletons. Studies conducted on carbonate exoskeletons in paleoenvironments comparable to those of the present study show normalized values of 1 or lower [68,69,70,71]. The sample studied here, however, presents values in both the matrix and exoskeletons that are ten times higher. In addition, the analysis of REEs revealed the presence of Eu anomalies both in the matrix and the exoskeletons.



Europium is a unique element that remains stable under high temperatures, high pressures, and extremely reducing environments. In addition, it enters the carbonate minerals in equilibrium with the seawater, where it then becomes rather immobile [72]. To our knowledge, there are no environmental or diagenetic mechanisms that can explain such Eu anomalies in carbonate sediments. The authors of [73,74] suggest that positive Eu anomalies would be due to post-depositional alterations associated with hydrothermal processes. On the other hand, [75] explores the possibility that positive variations of this element are correlated with a mineralogical assemblage rich in feldspar. The sample analyzed in this study presents a subtle positive anomaly quantified for the matrix at Eu/Eu* = 1.201 ± 0.079 and for the exoskeletons at Eu/Eu* = 1.392 ± 0.101. Despite what was proposed by [75], the mineralogy shown in the QEMSCAN data, along with the analysis of major elements in the matrix and exoskeletons, allows us to exclude the presence of abundant feldspar and thus interpret the Eu signature as related to post-depositional hydrothermal influence.



The rare REEs’ data of the studied sample do not represent primary values consistent with carbonates and fossils from similar environments, e.g., [68,69,70,71], and the Eu anomalies suggest post-depositional hydrothermal alteration. Data acquired from calorimetric analyses by [76], using the thermal alteration index (TAI) methodology, obtained temperatures between >150 °C and <200 °C [77] consistent with a hydrothermal context. On the other hand, no discernible hydrothermal features, such as recrystallization, mineral transformation, and new mineral growth, were observed in the petrography, nor were there hydrothermal signatures in the Sr and O stable isotopes.



Despite the evidence of hydrothermal influence being controversial, we could not identify other reasonable explanations for the REEs’ values and the Eu anomalies both in the matrix and in the exoskeleton. Consequently, we hypothesize that a hydrothermal alteration happened during the late diagenesis by diffusion at the regional scale, and so did not affect the texture of the studied sample (Figure 8C). Apparently, both the 87Sr/86Sr and the δ18O were not sensitive to this regional diffusion. Additionally, ref. [25] observed macroscopic fluorite crystal occurring punctually in the lower part of the Tamengo Formation in the Laginha Section, which may be related to hydrothermal and subvolcanic processes. Evidence of a hydrothermal event in the region was also found in the rocks of the Jacadigo Group and was dated at the earliest Cambrian [78]. The occurrence of hydrothermal activity soon after the deposition of the Tamengo Formation, if confirmed, may reinforce the hypothesis of [26], placing the Tamengo Formation in a post-rift context, but still influenced by active tectonics. It may also explain the different thermal alterations in the clay minerals between the Tamengo and the overlying Guaicurus Formation observed by [79].




6. Conclusions


The petrographic, mineralogical, geochemical, and isotopic information obtained from a sample of marl with well-preserved fragments of Corumbella werneri allowed for the unraveling the syn- and post-depositional signals of the Tamengo Formation, formed at the end of the Neoproterozoic. The absence of typical diagenetic textural features, such as recrystallization, mineral alteration, or crystallization of new minerals, combined with chemical parameters obtained from the matrix and the fossil exoskeletons, separately, indicated that the strontium and carbon isotopic compositions are mainly primary. This evidence allowed us to constrain the living conditions of Corumbella werneri to a quiet environment, proximal to the storm wave base and just above the chemocline.



Another important finding of this study revealed a pattern of enrichment in total rare earth elements (REEs) and the presence of europium anomalies, suggesting hydrothermal influence during the late diagenesis. Although it affected the elemental composition of the rocks, it did not alter the texture and the isotopic compositions of Sr and O in the carbonate. Probably, this process occurred by diffusion at the regional scale, resulting in remarkable REE enrichment in both the matrix and the exoskeletons.



The results and interpretations presented in this work, although based on a pilot study with only one sample, significantly contribute to the understanding of the geological processes that affected the Tamengo Formation and the exoskeletons of Corumbella werneri, providing new insights into the environmental and diagenetic conditions during the Neoproterozoic. Additionally, it highlights the importance of a multiproxy approach to unravel the complex mixture of signals recorded in a carbonate sedimentary rock.
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Figure 2. (A) Hand sample showing well-preserved exoskeletons of Corumbella werneri in the marked areas; (B) Close-up photo of the hand sample revealing two well-preserved fragments of Corumbella werneri on the left side of the image; (C–E) are photomicrographs where: (C) Illustrates the interaction between carbonate and clayey matrices; (D) Displays the mixture of the carbonate matrix (MC, darker brown) with the clayey matrix (MA, lighter gray), and the exoskeleton of Corumbella werneri (Cw) in crossed nicols; (E) Detailed view of the exoskeletons of Corumbella werneri. 
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Figure 3. Microprobe Image of the Marl, where Cw—Corumbella werneri and M—matrix. (A) Pyritization of the exoskeleton with micrometric pyrite crystals (py); (B) Silicification of the exoskeleton (si). 
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Figure 4. QEMSCAN image. It is possible to observe, in the close-up image, the mineralogical interaction with the exoskeletons of Corumbella werneri. 
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Figure 5. Distribution of the maximum, minimum, and median content of the analyzed elements in the constituents. 
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Figure 6. REE pattern of the studied sample, normalized to PAAS [50]. 
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Figure 7. (a) Cross plot between carbon (δ13C) and oxygen (δ18O) isotope results from exoskeletons of Corumbella werneri (green diamonds) and the matrix (purple circles); (b) Boxplot of Strontium (87Sr/86Sr) isotope results from exoskeletons of Corumbella werneri and the matrix; (c) Weighted Media for Strontium (87Sr/86Sr) isotopes. 
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Figure 8. Schematic drawing of the evolutionary history of the rock. (A) Deposition environment, where micrite producers are observed, along with carbonate and silica inputs, which later transport and formed the studied rock; (B) Burial diagenetic process, characterized by the lithification of rock; (C) Late diagenesis, characterized by a diffuse hydrotermalism with REE enrichment. The reconstruction of Corumbella werneri depicted in the figures is sourced from [61], FWWB—Fair weather wave base level; SWB—Storm wave base level. 
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Table 1. Positive (blue) and negative (red) correlations for major and minor elements of the Matrix.
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	MgO
	Al2O3
	SiO2
	K2O
	CaO
	TiO2
	MnO
	FeO
	BaO





	MgO
	1
	0.49
	−0.49
	0.03
	−0.12
	−0.07
	0.21
	0.67
	−0.06



	Al2O3
	0.47
	1
	−0.90
	0.53
	0.10
	0.16
	−0.02
	0.30
	0.23



	SiO2
	−0.49
	−0.90
	1
	−0.54
	−0.25
	−0.14
	−0.16
	−0.63
	−0.25



	K2O
	0.00
	0.53
	−0.54
	1
	−0.28
	0.32
	0.14
	−0.01
	−0.01



	CaO
	0.40
	0.10
	−0.25
	−0.28
	1
	−0.28
	−0.13
	0.41
	0.05



	TiO2
	−0.09
	0.16
	−0.14
	0.32
	−0.28
	1
	0.16
	−0.16
	−0.17



	MnO
	0.31
	−0.02
	−0.16
	0.14
	−0.13
	0.16
	1
	0.24
	−0.14



	FeO
	0.66
	0.30
	−0.63
	−0.01
	0.41
	−0.16
	0.24
	1
	0.34



	BaO
	−0.02
	0.23
	−0.25
	−0.01
	0.05
	−0.17
	−0.14
	0.34
	1










 





Table 2. Positive (blue) and negative (red) correlations for major and minor elements in the exoskeletons of Corumbella werneri.
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	MgO
	CaO
	MnO
	FeO





	MgO
	1
	0.2
	0.7
	−0.3



	CaO
	0.2
	1
	0.01
	−0.4



	MnO
	0.7
	0.01
	1
	−0.3



	FeO
	−0.3
	−0.4
	−0.3
	1










 





Table 3. Average Values of Rare Earth Elements and Analyzed Indices.
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57La

	
58Ce

	
59Pr

	
60Nd

	
62Sm

	
63Eu

	
64Gd

	
65Tb

	
66Dy

	
39Y

	
67Ho

	
68Er

	
69Tm

	
70Yb

	
71Lu






	
Matrix

	
2.28

	
2.27

	
2.20

	
1.99

	
2.34

	
2.80

	
2.24

	
2.12

	
2.06

	
2.12

	
2.01

	
1.89

	
1.81

	
1.81

	
1.72




	
Exoskeleton

	
1.17

	
1.41

	
1.41

	
1.29

	
1.55

	
2.06

	
1.41

	
1.26

	
1.02

	
1.10

	
0.992

	
0.897

	
0.809

	
0.849

	
0.808




	

	
INDICES

	

	




	

	

	

	

	
ΣREE

	
Eu/Eu*

	
REEL/REEP

	
REEM

	
REEP

	

	

	




	

	
Rb/Sr

	
Mn/Sr

	
Sr (ppm)

	
    x -    

	
max

	
min

	
value

	
error

	
Nb/Yb

	
Pr/Yb

	
Nd/Dy

	
Tb/Yb

	

	

	




	
Matrix

	
0.40

	
1.36

	
2517.30

	
31.78

	
68.76

	
13.40

	
1.20

	
0.079

	
1.04

	
1.16

	
0.947

	
1.08

	

	

	




	
Exoskeleton

	
0.03

	
0.85

	
2220.62

	
18.03

	
25.39

	
9.69

	
1.39

	
0.101

	
2.05

	
2.21

	
1.31

	
1.85
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