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A B S T R A C T   

Vase-shaped microfossils (VSMs) attributed to testate amoebae occur globally in diverse assemblages in Tonian 
rocks. These microfossils have thus been considered a potential biostratigraphic tool, especially for the interval 
between 789 and 729 Ma. Here we report a diverse and well-preserved in situ VSM assemblage, including several 
taxa previously considered as Tonian, within glacially influenced deposits for which sedimentological data 
support a Cryogenian age. However, the more robust recent multi-proxy correlation proposed by Freitas et al. 
(2021) indicates a Marinoan age for the studied succession. Detrital zircon data provide a maximum depositional 
weighted mean age of 749 ± 3 Ma for the VSM-bearing, organic-rich, fine-grained deposits within the Marinoan 
sequence in the Urucum Formation. Nine taxa are described from the fine-grained deposits in the upper Urucum 
Formation, Jacadigo Group, Brazil: Cycliocyrillium simplex, Bonniea dacruchares, Bonniea pytinaia, Bombycion 
micron, Limeta lageniformis, Palaeoarcella athanata, Trigonocyrillium horodyskii, Pakupaku kabin and cf. Taruma 
rata. The discovery of well-preserved in situ VSMs attributable to specific Tonian taxa within a Cryogenian 
succession challenges previous thinking that these organisms disappeared from marine ecosystems at the end of 
the Tonian.   

1. Introduction 

Biostratigraphically relevant fossils ideally must have wide 
geographic distribution, and their appearance and disappearance must 
be confined to a short, well-defined interval of geologic time. Their 
habitats, possible triggers for their appearance and disappearance, and 

taphonomic processes involved in their preservation must all be 
considered to establish a fossil as an index-fossil (Knoll et al., 2006). 

For the Neoproterozoic, vase-shaped microfossils (VSMs) attributed 
to testate amoebae (Schopf, 1992; Porter et al., 2003) have been sug
gested as a biostratigraphic tool for Tonian carbonate, shale, chert and 
phosphatic rocks (Knoll and Vidal, 1980; Porter et al., 2003; Riedman 
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et al., 2018; Morais et al., 2019; Alvarenga et al., 2019), because, until 
now, nearly all VSM species have been reported solely from Tonian rock 
units: Kwagunt Formation, USA (Porter et al., 2003; Morais et al., 2019); 
Callison Lake Formation, Canada (Strauss et al., 2014; Cohen et al., 
2017; Riedman et al., 2018; Morais et al., 2019); Visingsö Group, Swe
den (Knoll and Vidal, 1980; Martí Mus and Moczydowska, 2000; Moc
zydłowska et al., 2018; Riedman et al., 2018); Ryssö Formation, 
Svalbard (Knoll and Calder, 1983; Riedman et al., 2018); Eleonore Bay 
Group, Greenland (Vidal, 1979; Green et al., 1988; Riedman et al., 
2018); Togari Group, Tasmania (Saito et al., 1988; Riedman et al., 
2018); Draken Formation, Svalbard (Knoll et al., 1991; Riedman et al., 
2018); Elbobreen Formation, Svalbard (Martí Mus, 2001); Back
lundtoppen Formation, Svalbard (Knoll et al., 1989; Riedman et al., 
2018), Kingston Peak Formation, USA (Corsetti et al., 2003), Beck 
Spring Dolomite Formation, USA (Smith et al., 2015) and Chichkan 
Formation, Kazakhstan (Sergeev and Schopf, 2010). A rich and well- 
preserved VSM assemblage has also been reported in dolostone clasts 
near the base of the Neoproterozoic Urucum Formation, Jacadigo 
Group, Brazil (Fairchild et al., 1978; Morais et al., 2017). Because the 
source of these clasts was unknown until recently (see Freitas et al., 
2021), a late Tonian age was suggested for these clasts (Morais et al., 
2019) on the strength of the apparent biostratigraphic restriction of 
these VSM-bearing units to the upper Tonian. As Tonian carbonates have 
never been identified in the region of the Jacadigo Basin (sensu Freitas 
et al., 2011) on the southeastern Amazon Craton (e.g. Lacerda Filho 
et al., 2006), the Tonian source of the carbonate clasts was assumed to 
have been eroded away (Morais et al., 2019). In a similar manner, 
identification of the VSM Bonniea dacruchares Porter et al., 2003 has 
also been cited to corroborate stable isotope evidence for a Tonian age 
for another Brazilian stratigraphic unit, the Vazante Group on the São 

Francisco Craton (Alvarenga et al., 2019), even though the two speci
mens in palynological residues are three to four time smaller (15 and 25 
µm in length) than the smallest previously reported specimen of this 
species (65 to 180 µm in length, e.g. Porter et al., 2003; Riedman et al., 
2018; Morais et al., 2019; this study). 

Here we describe the first occurrence of diverse well-preserved VSMs 
from newly discovered organic-rich fine-grained deposits clearly within 
the Urucum Formation itself, provide a new geochronological constraint 
for the age of the VSM-bearing succession of the Urucum Formation, and 
discuss the environmental, chronologic, and biostratigraphic implica
tions of the new findings. 

2. Geological setting 

VSMs have been found in clasts (Fairchild et al., 1978; Morais et al., 
2017; Morais et al., 2019) and now in beds of dolostone (Freitas et al., 
2021) in the Urucum Formation, of the virtually unmetamorphosed and 
little deformed Jacadigo Group, in the Urucum mining district at 
Corumbá, Mato Grosso do Sul (MS), Brazil (Freitas et al., 2011; 
Trompette et al., 1998; Urban et al., 1992(Almeida, 1946); Fig. 1). The 
Urucum district is characterized by tabular hills rising many hundreds of 
meters above the Pantanal floodplains, named, from west to east, the 
Jacadigo, Tromba dos Macacos, Urucum, Santa Cruz, and Rabicho hills 
(Fig. 1B, C). All consist of a basal predominantly siliciclastic succession 
overlying, in erosional nonconformity, granite and metamorphic base
ment rocks of the 1.6 to 1.9 Ga Rio Apa Block (Lacerda Filho et al., 2006; 
Redes et al., 2015) and a thick upper part, mostly of iron formation 
(Lisboa, 1909; Dorr, 1945; Almeida, 1946; Barbosa and Oliveira, 1978; 
Urban et al., 1992; Freitas et al., 2011; Angerer et al., 2016; Fig. 1B, C). 

Until recently, the Urucum Formation was described as siliciclastic, 

Fig. 1. Simplified map of the Urucum district and adjacent areas after Freitas et al., 2021. (A) Regional geological setting centered upon the Northern (NP) and 
Southern (SP) Paraguay Belt. Study area represented by the rectangle near Corumbá and detailed in B. (B) Simplified geologic map of the study area near Corumbá 
and approximate locations of the studied sections (stars). Easternmost star, location of drill core RAB-FD00019 (Fig. 2); westernmost star, location of studied 
succession at Jacadigo hill and the sample (Fig. 2; coordinates 411703 m E, 7874863 m S, 21 K) that furnished detrital zircon for geochronological analyses. (C) 
Schematic geologic cross-section of the Urucum district (after Freitas et al., 2021; Barbosa and Oliveira, 1978; Weiss and Sweet, 1959). Vertical scale, in meters above 
sea level. *Color transition represents deposits with (top) and without (bottom) ice-rafted clasts (after Freitas et al., 2021). 
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made up predominantly of arkosic sandstone, conglomerate, and 
breccia, with minor intercalations of diamictite, shale, and carbonate (e. 
g. Weiss and Sweet, 1959; Barbosa and Oliveira; 1978; Urban et al., 
1992; Freitas et al., 2011; Angerer et al., 2016). It has been variously 
interpreted as representing lacustrine, fluvial, alluvial fan and fan delta 
continental depositional systems (Dorr, 1945; Almeida, 1946; Freitas 
et al., 2011), with some authors suggesting a glacial influence upon 
sedimentation as responsible for the diamictites and the abundance of 
outsized angular clasts within sandy facies (Dorr, 1945; Barbosa and 
Oliveira, 1978; Walde et al., 1981). Carbonate deposits were reported by 
Barbosa and Oliveira (1978) at the base of Jacadigo hill several decades 
after the descriptions in the 1940′s (Alm(Almeida, 1945)eida, 1945; 
Almeida, 1946; Dorr, 1945) but were not mentioned again until very 
recently (Freitas et al., 2021). Barbosa and Oliveira (1978) described the 
Jacadigo hill succession as comprising, from base to top, marls with a 
carbonate intercalation, interspersed arkose and breccia with up to 
meter-scale carbonate clasts, fine-grained deposits, sandstone, and iron 
formation-dominated deposits (Fig. 2). Beneath the iron formations at 
Jacadigo hill, Urban et al. (1992) reported the occurrence of a sandstone 
and a “black shale” succession, from top to bottom of an unpublished 
drill core (Fig. 2). 

Overlying the Urucum Formation the up to 400 m thick Santa Cruz 
Formation, composed mostly of banded iron formation, with minor Mn 
ore beds and siliciclastic intercalations, including diamictite, arkose and 

shale (Dorr, 1945; Almeida, 1946; Freitas et al., 2011), has been inter
preted as glaciomarine deposits (Urban et al., 1992; Angerer et al., 
2016). The age of this iron-bearing succession is constrained between 
695 ± 17 Ma (youngest detrital zircon U-Pb age, Frei et al., 2017) and 
587 ± 7 Ma (Ar-Ar burial heating age, Piacentini et al., 2013). This age 
range lends support to the idea that the lonestones within the iron for
mation may have originated during Cryogenian global glaciation. 
Indeed, two glacially influenced intervals, each followed by post-glacial 
carbonate successions, were recently recognized within the Jacadigo 
Group (Freitas et al., 2021). These sedimentary sequences were corre
lated with both Neoproterozoic cryochrons (Freitas et al., 2021). The 
new sedimentologic, stratigraphic, provenance and chemostratigraphic 
data presented by Freitas et al. (2021) reveal Sturtian continental glacial 
deposits underlying more than 600 m of transgressive carbonate de
posits formed during the Cryogenian interglacial interval. Coarse- 
grained breccia, diamictite and correlative glacial outwash delta de
posits displaying carbonate clasts eroded from the interglacial carbonate 
platform evidence Marinoan glacio-eustatic fall (Freitas et al., 2021; 
Fig. 2). Subsequent deposition of the transgressive iron formation- 
dominated succession of the Jacadigo Group (Figs. 1 and 2) is related 
to the Marinoan global glaciation collapse (Freitas et al., 2021). 

We describe here fossils found in situ in organic-rich fine-grained 
deposits in drill core RAB-FD00019 (stored at the Institute of Astronomy 
and Geophysics of the University of São Paulo) that occurs near the top 

Fig. 2. Studied sedimentary successions and stratigraphic correlation (after Freitas et al., 2021) at: Jacadigo hill, as reconstructed from descriptions by Barbosa and 
Oliveira (1978) and Urban et al. (1992) (left); and at Rabicho hill, based on the description of the RAB-FD00019 core (right). (B) Photomicrograph from Urban et al. 
(1992) of unnamed circular structure partially filled by pyrite in the Jacadigo hill “black shale” succession. Scale bar: 25 µm. (C) Transverse section of VSM from the 
organic-rich fine-grained succession at Rabicho hill, described here. Scale bar: 50 µm. 
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of the Urucum Formation, within the Marinoan sequence (Freitas et al., 
2021), at Rabicho hill in the eastern Urucum district. In situ VSMs are 
also reported from similar facies within the Marinoan sequence at 
Jacadigo hill, ~35 km to the west (Figs. 1 and 2). 

3. Material and methods 

The VSMs reported here were found in four of six thin sections made 
at the Instituto de Geociências at the Universidade de São Paulo (USP) of 
samples of organic-rich fine-grained deposits in drill core RAB-FD00019 
(Fig. 2), three of which were used to study the systematics of this new 
VSM occurrence in the Urucum Formation: GP/5E-4373 from 104.90 to 
105.00 m depth, GP/5E-4374 from 115.40 to 115.52 m depth, and GP/ 
5E-4375 from 125.10 to 125.20 m depth, as measured from the top of 
the core (Fig. 2; Table 1). The VSMs were examined in ~50 µm-thick 
petrographic thin sections using a Leica DM 750 P microscope equipped 
with a Leica MC 170 HD camera at the Laboratório de Estudos Paleo
biológicos at USP. Length (L), width (W), aperture diameter (AD) and 
neck length (NL) of the VSMs were measured according to Porter et al. 
(2003) (Table 1). 

For palynological preparations, about 100 g of fresh rock from the six 
sampled intervals of the RAB-FD00019 core were dissolved in HCl (36%) 
for two days and then rinsed repeatedly with distilled water. After 
neutralization, the residues were placed in HF (40%) for one day and 
again rinsed repeatedly with distilled water. VSMs favorable for taxo
nomic identification were physically separated from the residue under a 
binocular microscope. Individual microfossils were submitted to LEO 
440 scanning electron microscopy, energy dispersive spectroscopy and 
X-ray Dispersive Energy (EDS), at the Centro de Pesquisas Geo
cronológicas (CPGeo-USP). Raman spectroscopy was carried out at the 
Brazilian Research Unit of Astrobiology (NAP/Astrobio) using a 
Renishaw inVia micro-Raman, with 532 nm excitation wavelength; 
spectra were collected with a 50X objective. See supplementary online 
material (SOM 1; 2) for details. 

Duplicate thin sections of the samples from the RAB-FD00019 core 
studied for microfossils were prepared at the Universidade Federal do 

Pará (UFPA) for microfacies analysis. Six ~35 µm-thick, polished 
petrographic thin sections were imaged using reflected and transmitted 
light, as well as cathodoluminescence (CL). Images were obtained in the 
Laboratório de Catodoluminescência at UFPA using a Leica DM 4500 P 
LED coupled with a Leica DMC camera and a CL 8200 Mk5-2 device. CL 
data were acquired with an electron beam current of 260 to 384 µm, 
constant acceleration voltage of 15.5 kV, and 12.5 to 18.0 s exposure 
time. 

Zircon grains for geochronologic analysis were obtained from an 
outcrop sample of the VSM-bearing, organic-rich, fine-grained succes
sion at Jacadigo hill (411703 m E, 7874863 m S, 21 K) , equivalent 
stratigraphically and facies-wise (Lisbo(Lisboa, 1909)a, 1909; Almei 
(Almeida, 1946)da, 1946; Urban(Urban et al., 1992) et al., 1992) 
(Figs. 1 and 2) to samples examined from the RAB-FD00019 core from 
Rabicho hill, ~35 km to the east (Freitas et al., 2021). Sample prepa
ration and age-dating were carried out at the Instituto de Geociências at 
the Universidade Estadual de Campinas. Zircon grains, separated from 
the rock sample using standard density and magnetic methods, were 
arbitrarily handpicked under a microscope and fixed in an epoxy resin 
disc that was ground and polished to expose each zircon grain in cross 
section. 

Single grain isotopic analysis was done using an Excite193 laser 
ablation system (Photon Machines), equipped with a two-volume HelEx 
ablation cell, coupled to an ICP-MS Element XR (Thermo Scientific). 
Beam diameter was set to 25 µm and acquisition time, 40 s. Isotopic 
ratios were checked using the standards 91,500 (Wiedenbeck et al., 
1995) and PEIXE (Navarro et al., 2017). See Navarro et al. (2015) for 
further information on the analytical routine. Data processing utilized 
the Software Iolite 2.5 following the method proposed by Paton et al. 
(2010). Error Correlations (Rho) were calculated considering 
207Pb/235U and 206Pb/238U isotopic ratios using the equation given by 
Schmitz and Schoene (2007). 

Only ages with concordance greater than 90% and reverse discor
dance lower than 110% were considered in this study. Common lead 
correction was not made because 204Pb signals were low in virtually all 
grains. Zircon grains with anomalous 204Pb concentrations were 

Table 1 
Morphometric parameters of vase-shaped microfossils from the Urucum Formation. n = number of specimens.  

Study Level (m) Specie L/W (n) Length (L) 
(µm) 

Width (W) 
(µm) 

Neck- 
length (µm) 

Aperture 
(µm) 

Urucum Fm. (RAB-FD00019, 
this study) 

115.40–52 Bonniea dacruchares 1.3–2.0 
(21) 

49–159 29–106 – – 

115.40–52 Bonniea pytinaia 1.3–2.2 (5) 134–166 62–103 – – 
115.40–52; 
125.10–20 

Bombycion micron 1.5–1.7 (4) 88–196 57–130 – 17–65 

104.9–105; 
115.40–52; 
125.10–20 

Cycliocyrillium 
simplex 

1.2–1.3 (4) 134–181 77–119 – – 

115.40–52 Limeta lageniformis 1.8–2.6 (2) 137–213 76–82 50–85 – 
115.40–52 Palaeoarcela athanata 0.2–0.5 (4) 28–47 78–138 – 90 
115.40–52 Trygonocyrillium 

horodiskii 
1.0–1.2 (3) 72–84 68–80 – – 

115.40–52 cf. Taruma rata 0.83–1.31 
(2) 

89–103 68–124 – – 

115.40–52; 
125.10–20 

Pakupaku kabin 1.5–1.6 (2) 89–148 53–97 – 25–27.7 

Urucum Fm. (Morais et al., 
2017; Morais et al., 2019) 

Dolomitic clasts in diamictite near the 
base of the succession at Rabicho hill 

Bonniea dacruchares 1.4–1.3 (2) 65–88 46–65 – 15–23 
Cycliocyrillium 
simplex 

1.0–1.8 
(24) 

50–139 42–96 – 11–37 

Cycliocyrillium 
torquata 

1.2–1.5 
(10) 

53–113 40–84 3–18 12–34 

Limeta lageniformis 1.5–2.0 
(10) 

100–133 50–70 20–59 12–32 

Palaeoamphora 
urucumense 

1.2–1.7 (6) 90–135 60–109 11–19 38–66 

Taruma rata 1.2–1.4 (3) 91–94 65–73 – 17–21 
Trygonocyrillium 
horodiskii 

(1) – – – 20 

– impossible to measure. 
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excluded from the analysis. Ages older than 1000 Ma were established 
using the 207Pb/206Pb isotopic ratio and ages younger than 1000 Ma by 
the 206Pb/238U ratio. This value is within the minimum of 800 Ma and 
maximum of 1500 Ma for cutoff values commonly used in detrital zircon 
geochronology (e.g. Babinski et al., 2013; Spencer et al., 2016; Ver
meesch, 2021). Ages are given with 2σ uncertainties. 

The RAB-FD00019 drill core is stored at the Instituto de Astronomia e 
Geofísica, USP, Brazil. Petrographic thin sections analyzed here are 
deposited in the Laboratório de Paleontologia Sistemática (LPS) of the 
Instituto de Geociências, USP, Brazil. 

4. Results and discussion 

4.1. Sedimentary successions 

The 136.6 m-long RAB-FD0019 drill core recently recovered from 
Rabicho hill in the eastern Urucum district (Figs. 1 and 2) samples nearly 
50 m of fine-grained siliciclastic deposits overlain conformably by 
almost 90 m predominantly of iron formation, with subordinate in
tercalations of manganese ore (Fig. 2). This same stratigraphic rela
tionship is recognizable throughout the Urucum district, where tabular 
hills have the lower section ascribed to the Urucum Formation silici
clastic succession, named after the Urucum hill (Almeida, 1946), and the 
upper iron-rich deposits to the Santa Cruz Formation, named after the 
Santa Cruz hill (Almeida, 1946), the two comprising the Jacadigo 
Group, named after the Jacadigo hill (Almeida, 1946) (Figs. 1 and 2). 

Fig. 3. VSM-bearing facies from the RAB-FD00019 core in partial views of thin sections from the sampled levels identified by approximate depth below the surface. 
(A) 105 m depth. Poorly sorted, coarser portion of thin section displaying sand-dominated sub-horizontal laminae, with grain clusters (red arrows) and deformed 
laminae (red circle), and minor intercalations of organic-rich mud. (B) 105 m depth. Finer part of same thin section displaying wispy lamination with poorly sorted 
angular to subangular sand grains. Note the lensoidal cluster of sand grains at lower right and dispersed circular alignments of silt and sand grains around black mud 
(red arrows). (C) 115 m depth. Laminated aspect of the sandy, organic-rich, fine-grained deposits bearing VSMs. Note the poorly defined limits between coarser and 
finer sediments. (D) 120 m depth. Facies like that in B. Note the common occurrence of circular grain alignments, locally concentric (red arrows). (E) 125 m depth. 
Facies like that in C. Note syn-sedimentary deformation at right. (F) 130 m depth. Facies like that in C. Note sub-horizontal and inclined (red arrow) orientations of 
framework and matrix components (G) 134 m depth. Facies like that in B and D with isolated and fractured coarse sand grain. Scale bars: 5 mm. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Most of the sedimentary successions at Jacadigo, Urucum, Santa Cruz 
and Rabicho hills occur above the Marinoan glacio-eustatic unconfor
mity recognized by Freitas et al. (2021; Figs. 1 and 2). 

The lower 30 m of the RAB-FD0019 drill core is laminated, 
carbonate-cemented black shale with thin wispy siltstone to very-fine 
sandstone laminae (Fig. 3A–G) and at mid-section 4.5 m of fine grey 
sandstone, locally displaying asymmetrical ripples (Fig. 2B). This shaley 
facies grades upward into a 16 m thick altered medium to coarse 
sandstone with a sharp change in color from medium grey to yellowish- 
orange three meters above its base. This sandstone interval is abruptly 
capped by a meter-thick layer of manganese ore (including braunite and 
cryptomelane – Fig. 2B) recognized regionally as the base of the Santa 
Cruz Formation (Walde et al., 1981; Urban et al. 1992). Continuing 
upward, a 7 m-thick hematite-cemented arkose displaying outsized 
lonestones, is followed by massive to laminated hematite-jaspilite 
ironstone containing a second prominent meter-thick intercalation of 
manganese ore (Fig. 2B). 

Black shales in the Urucum Formation are also found at Jacadigo hill, 
some 35 km west of the site of the RAB-FD00019 drill core (Figs. 1 and 
2). Based on the description of a drill core studied by Ananiadis (1984), 
Urban et al. (1992) reported more than 100 m of “black shales and black 
siltstones with some coarse-grained clastic intercalations” below the 
uppermost sandstone succession topping the Urucum Formation. Inter
estingly, one of their figures (Urban et al. 1992; Fig. 10F), a photomi
crograph of the Jacadigo hill “black shale” (Fig. 2B), clearly illustrates a 
pyritized test indistinguishable from VSMs from the RAB-FD00019 core 
shown here (Fig. 2C). 

The stratigraphic section at Jacadigo hill was previously described as 
comprising, from bedrock upward, sandy marls with an intercalated 
carbonate bed, boulder-grade breccia intercalated with coarse-grained 
arkose, organic-rich fine-grained deposits, sandstone, Mn-rich beds 
and an iron formation-dominated succession (Barbosa and Oliveira, 
1978; Urban et al., 1992; Fig. 2). Our investigation of the Jacadigo hill 
escarpment confirmed the occurrence of outcrops of crystalline base
ment rocks, boulder-grade breccia, fine-grained siliciclastic facies and 
the iron-formation succession (Fig. 2). 

The breccia is poorly sorted, polymictic, boulder-grade, with up to 
meter-scale carbonate clasts (Fig. 4A), locally displaying preserved 
faceted and striated granite clasts (Fig. 4B), as well as tabular intra
formational conglomeratic sandstone pebbles, cobbles, and boulders. A 
deeply weathered exposure of the fine-grained facies (coordinates 
411703 m E, 7874863 m S, 21 K), correlatable to that reported by Urban 
et al. (1992) in the limited area of the Jacadigo hill (Figs. 1 and 2), was 
sampled for geochronological analysis of detrital zircon. The iron 
formation-dominated succession of the Santa Cruz Formation presents 
isolated outsized clasts, including a meter-scale boulder composed of 
diamictite (Fig. 4C). 

Not only are they remarkably similar in stratigraphy, but the sedi
mentary successions studied at Rabicho and Jacadigo hills also display 
the same structural trends dominated by gentle deformational patterns 
typical of all the Urucum district (Fig. 1C), indicating that they are not 
far-travelled allochthonous structural blocks or olistoliths. The Urucum 
Formation has long been described as dominated by sandstone and 
coarse-grained facies with minor shale deposits based on discontinuous 
sections in the center of the Urucum district and on continuous, but 
thinner successions up to 100 m thick at the borders of the district (e.g. 
Almeida, 1946; Barbosa and Oliveira, 1978; Freitas et al., 2011). The 
two shale-dominated successions revealed in drill cores provide the only 
known continuous stratigraphic record of the Urucum Formation where 
the unit is thicker. Previous detailed facies analysis of the Urucum 
Formation (Freitas et al., 2011) did not have access to such continuous 
sections of the formation in any of the major hills of the Urucum district. 
Study of the drill cores and our recent field work thus indicate that 
dominantly fine-grained successions are probably more common in the 
Urucum Formation than previously thought (see Freitas et al., 2021 for 
detailed stratigraphy and sedimentary evolution of the Jacadigo Group). 

4.2. Microfacies of VSM-bearing fine-grained successions 

The six studied thin sections from the RAB-FD00019 core display 15 
to 40% matrix content and thus can be classified as lithic wacke (Dott, 
1964) (Fig. 3; Fig. 5A, B). Aluminum and ferroan clay minerals are 
present in the matrix, as indicated by their dull, dark luminescence 
(Götze et al., 2002; Okamura et al., 2006), as well as dispersed clay to 
silt-size quartz, feldspar and carbonate grains, and incipiently to irreg
ularly laminated amorphous brownish matter containing kerogen, as 
indicated by Raman spectroscopy (Fig. 5C–F). 

The framework is made up of poorly sorted silt to sand grains that are 
dominantly very angular and rarely rounded (Fig. 5A, B). Grains are 
mainly quartz, microcline, plagioclase, chert, muscovite and lithic 
fragments, including carbonate and siliciclastic mudstone clasts, the 

Fig. 4. Examples of the sedimentary facies recognized at Jacadigo hill. (A) 
Poorly sorted sand to cobble-grade framework of polymictic breccia with 
abundant carbonate clasts. (B) Faceted and striated granite boulder within 
poorly sorted sandy breccia. (C). Meter-scale diamictite boulder deforming 
underlying sub-horizontal bedding in iron formation. 
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latter locally observed as pseudomatrix. Silt and sand clasts are often 
triangular with serrated edges (Fig. 5A, B). Ten to thirty percent of the 
framework grains exhibit internal fractures (Fig. 5G, H). Grains with 
crescentic, curvilinear edges are observed locally. 

Silt and quartz grains are often matrix-supported and may occur 
isolated, sparsely, or in irregular lensoidal clusters (Fig. 3; Fig. 5A–E, G, 

H). Macroscopic laminations (Fig. 3) are made up of these grain clusters 
(Fig. 5A, B, H) which form thin bands often less than 1 mm thick and up 
to a few millimeters long. Irregular clast clusters comprise between 10 
and 40% of the analyzed thin sections. Circular clusters of clasts are also 
commonly observed, comprising 10 to 30% of the thin sections, and 
their abundance is directly proportional to matrix content. These 

Fig. 5. Textural aspects and microfacies of the in-situ-VSM-bearing succession in drill core RAB-FD00019 from Rabicho hill. (A, B) Transmitted light photomi
crograph of sample from ~115 m depth. Note dominance of poorly sorted scattered angular silt and sand grains, as well as sand clusters (green arrows), VSMs (orange 
arrows), crinkled anastomosed matrix fabric (black dashed lines), and semi-circular grain alignments (dashed blue lines). (C-E) Transmitted light (C), crossed Nicols 
(D) and cathodoluminescence images (E) of matrix in the same sample as in A and B. Note the crinkled matrix fabric, clay mineral (high birefringence in D) and 
dispersed poorly sorted angular silt to fine sand grains including grains of carbonate (orange luminescence in E) and plagioclase (green luminescence in E). (F) Raman 
spectra of brownish amorphous material with diagnostic peaks of kerogen. (G) Transmitted light photomicrograph showing abundant poorly sorted angular silt to 
coarse sand with many fractured grains and detrital mica at 104 m depth. Note thin silt coating on sand grain (red arrow) and incipient anastomosed matrix fabric 
(red dashed lines), despite the dominantly random clast orientations associated with clast clustering. (H) Relatively large irregular clast cluster under transmitted 
light. Note abundant fractured grains, as well as semi-circular grain alignments, at 120 m depth. White scale bar: 500 µm. Grey scale bar: 200 µm. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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clusters are 20 to 840 µm in diameter, contain varied proportions of 
matrix and framework (Fig. 6A–F), commonly display a matrix- 
dominated inner part delineated by a circular alignment of silt and/or 
sand grains (Fig. 6A, B). Semi-circular, ellipsoidal and concentric grain 
alignments also occur (Fig. 3; Fig. 5A, B; Fig. 6A–F). The same 
arrangement has also been illustrated in the organic-rich fine-grained 
deposits at Jacadigo hill reported by Urban et al. (1992; Fig. 6G, H). 

Complete VSM tests occur in both matrix- and framework-dominated 
microfacies, including the grain clusters described above (Fig. 5A, B), 
comprising around 5% of the four thin sections in which they were 
found. Broken tests are also present (Fig. 5A, B). Tests are incrusted by 
small pyrite crystals (about 11.4 µm mean diameter) (Fig. 7), but minor 
quartz and kerogen may also be present in the test-wall, as demonstrated 
by Raman spectroscopy (Fig. 7G, H). Clay mineral coatings locally occur 
on pyritized tests (Fig. 5A, B; Fig. 6G, H; Fig. 8D–F). Tests are usually 
filled by matrix, silica (Fig. 8A–F), pyrite (Fig. 5A, B; Fig. 6G, H; Fig. 7A, 
B; Fig. 8G, H) or, less commonly, carbonate (Fig. 8G, H). Organic-walled 
sphaeromorphic acritarchs are locally observed (Fig. 8I) 

Although framework clasts are predominantly bounded by matrix 
material, syntaxial quartz and plagioclase overgrowths are common 
(Fig. 9A). Calcite can replace detrital grains, sometimes delineating 
grain clusters (Fig. 9B). µm-scale pyrite crystals are locally dispersed in 
the rock matrix around framework grains (Fig. 5A, B; Fig. 6G, H; Fig. 7A, 
B), but larger euhedral pyrite may also be observed (Fig. 7B). The rock 
matrix usually displays varied, often crinkled and anastomosed ductile 
fabrics, (Fig. 5A–E, G; Fig. 6C–F; Fig. 7B; Fig. 9A–D), even in the organic- 
rich facies at Jacadigo hill (Fig. 6G, H). Syn-sedimentary fault domains 
locally affect matrix fabrics and clast clusters (Fig. 3E; Fig. 9C, D). 

4.3. Facies interpretations 

The sedimentary succession preserved in the major hills of the Uru
cum district exhibits an overall change from siliciclastic-dominated 
sedimentation in the Urucum Formation to massive iron and manga
nese precipitation in the Santa Cruz Formation, however with evidence 
of glacial influence along both successions. This abrupt change in stra
tigraphy may represent a condensed record related to glacial maximum 
(Fig. 2) during the Marinoan global glaciation (Freitas et al., 2021). 

The sedimentary features observed below (Fig. 3A, B) and above 
(Fig. 3C) the organic-rich fine-grained succession at Jacadigo hill (Fig. 2) 
display clear evidence of glacial transport. Meter scale clasts and striated 
boulders within the breccia unit at Jacadigo hill are interpreted as ice- 
rafted rock fragments. Intraformational tabular conglomeratic sand
stone clasts and meter-scale diamictite clasts interpreted as dropstones 
of till most probably originated due to cementation by ice in a glacial 
context (e.g. Waller et al., 2009; Runkel et al., 2010; Chumakov, 2015). 

The correlative upper successions of the Urucum Formation at both 
Rabicho and Jacadigo hills clearly display a coarsening-upward suc
cession (Fig. 2) compatible with progradation of sediment feeding 
directly into a standing body of water. The textural characteristics of the 
fine-grained succession at the top of the Urucum Formation at Rabicho 
hill examined here are very similar to sediments produced under freeze- 
to-thaw cycles and by glacial erosion: angular grain shapes and variable 
grain relief have been widely recognized in modern glacial deposits 
(Sweet and Brannan, 2016; Mazumder et al., 2017; Hart, 2017; Yang 
et al., 2018). The same is true for fractured sand-grade grains, formed 
under subglacial deformation and frost weathering of unconsolidated 
sediment (e.g. Hiemstra and Van der Meer, 1997; Woronko and Pisarska- 
Jamroży, 2016). 

Grain clusters like those found here are also described in recent 
glacially influenced settings (Hiemstra and Van der Meer, 1997; Hiem
stra and Rijsdijk, 2003; Piotrowski et al., 2006; Kilfeather et al., 2010), 
where they are attributed to shearing, rotation and compaction below 
ice-streams or to thermal compaction related to water state changes 
within sediment (Cowan et al., 2012). Glacial shearing is also evidenced 
by the anastomosed and sub-horizontal matrix fabrics observed in the 

thin sections (Fig. 5A–E, G; Fig. 6A–H; Fig. 7B; Fig. 8D–F; Fig. 9A–D). 
These matrix fabrics resemble the plasmic microfabrics of Meer (1993), 
widely interpreted as incipient to fully developed shear planes in 
glacially deformed cohesive sediment (Kluiving et al., 1999; Hiemstra 
et al., 2005; Phillips et al., 2007; Kilfeather et al., 2010; Menzies and 
Meer, 2018). Additional framework and matrix relationships diagnostic 
of glacial deformation as synthesized by Meer (1993), can also be seen in 
the studied thin sections: discrete shear lines (Fig. 5A–E; Fig. 6A, B; 
Fig. 7A, B) and strain shadows and caps (Fig. 3A–G; Fig. 5A–E, G; 
Fig. 6C, D; Fig. 8D, E; Fig. 9C, D) described here as anastomosed and sub- 
horizontal matrix fabrics, silt and clay caps (Fig. 5A, B, G; Fig. 8D, E), 
crushed grains (Fig. 5G, H), faulted domains (Fig. 3E; Fig. 9E, F), and 
rotational structures (Fig. 3A, B, D, F, G; Fig. 5A, B, G, H; Fig. 6A–D; 
Fig. 7A, B; Fig. 8D, E; Fig. 9E, F). 

Subglacial deformation features, high proportion of angular and 
fractured grains, and common occurrence of very-fine silt clasts, 
including plagioclase, indicate an ice-proximal setting (Sweet and 
Brannan, 2016; Menzies and Meer, 2018). The apparent lack of coarse 
pebbles and larger clasts in the studied interval suggest deposition of the 
fine-grained succession beneath an ice shelf between the grounding-line 
and the calving line (e.g. Domack et al., 1999; Fig. 10). Variations in the 
proportions of clast clusters along the organic-rich, predominantly fine- 
grained succession is tentatively interpreted as related to glacial 
advance and retreat (Fig. 10). This idea is consistent with the interpre
tation of the sandstone intervals at the top of the Urucum Formation 
(Fig. 10) as glacial outwash deposits following glacier retreat (Freitas 
et al., 2021). The abundance of kerogen and presence of acritarchs 
within the studied deposits indicates local primary productivity in this 
glacially influenced sedimentary environment. The diverse cements 
found filling tests as well as in the surrounding rock may reflect the 
varied chemical complexity of the sub ice shelf marine environment and 
later associated diagenetic fluids (e.g. Yang et al., 2018). 

The predominance of well-preserved whole tests of fragile VSMs and 
presence of delicate organic-walled acritarchs argue against their 
transport over long distances and in favor of their origin as autochtho
nous elements that settled from suspension. Glacial deformation after 
deposition obliterated most primary sedimentary structures indicative 
of original hydrodynamic conditions associated with the entombment of 
the microfossils. Early diagenesis and preservation inside sediment 
clusters developed under glacial deformation of a frozen substrate must 
have spared microfossils from destruction. 

Based on the above evidence and interpretations, we argue that the 
preserved tests do not represent reworked previously deposited micro
fossils transported to the depositional site but rather are from contem
porary autochthonous to parautochthonous testate amoebae from the 
water column below the ice shelf and in adjacent open marine settings 
(Fig. 10). They may even have lived in cryoconite holes and pans 
developed on the surface of ice and connected to englacial and subgla
cial flow networks (e.g. Hoffman, 2016; Hawes et al., 2018). In fact, 
some grain clusters, especially concentric ones (e.g. Fig. 5A, B; Fig. 6E, 
F) are similar to modern cryoconite granules (e.g. Takeuchi et al., 2010; 
Hodson et al., 2010; Cook et al., 2016). 

4.4. Maximum age of VSM-bearing fine-grained successions 

The broadest age constraints for the rocks and microfossils studied 
here range between 1.9 and 1.7 Ga, the age of the local basement (Redes 
et al., 2015; McGee et al., 2018), and 587 ± 7 Ma, the age of anchi
metamorphism recorded in the overlying Santa Cruz Formation (Pia
centini et al., 2013). We carried out detrital zircon U-Pb analysis by laser 
ablation on 179 detrital zircon grains from the VSM-bearing, organic- 
rich, fine-grained succession of the Urucum Formation at Jacadigo hill. 
Of these, 79 yielded ages with concordance greater than 90% (Freitas 
et al., 2021; Fig. 11A, B; SOM 2, Table S5). Five grains were not 
considered because of apparent Pb loss (Fig. 11A; Table S5) (Andersen 
et al., 2019). Two peaks (local maxima) were identified in the Kernel 
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Fig. 6. Examples of grain clusters and matrix fabrics observed in the RAB-FD00019 core and respective graphic interpretations. (A, B) Transmitted light photo
micrograph displaying abundant organic-rich matrix with circular and semi-circular grain alignments delimiting rounded clusters of clasts at 130 m depth. (C, D) 
Crinkled and anastomosed matrix fabrics (black dashed lines) around amalgamated irregular and circular grain clusters (blue dashed lines) at 125 m depth. (E, F) 
Incipient concentric cluster apparently amalgamated with other circular clusters as defined by silt and sand grain alignments (blue dashed lines) and matrix fabric 
(black dashed lines) at 134 m depth. (G, H) VSM test within organic-rich fine-grained deposits at Jacadigo hill illustrated by Urban et al. (1992). Note “framboidal 
pyrite” (Urban et al., 1992) in matrix and inside the test, the anastomosed matrix fabric, clay mineral coating on the test and aligned silt grains (red dashed lines). 
Scale bars: 500 µm (except for G and H). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. Test preservation in the RAB-FD00019 core. (A) Fine-grained pyrite internal mold of VSM test at 115 m depth. (B) Reflected light photomicrograph high
lighting bright yellowish fine-grained pyrite crystals dispersed in the matrix and as coarse-grained amalgamated euhedral crystals and fine-grained crystals around 
and within VSM tests at 104 m depth. (C) SEM backscattered image of an isolated specimen of Bonniea dacruchares Porter, Meisterfeld and Knoll 2003 found at 125 m 
depth. (D) SEM secondary electron image detailing the test surface in white square in C. (E) EDS map of iron (Fe) concentration in red. (F) EDS map of sulfur (S) 
concentration in yellow. (G) Montage of different Raman spectra of an isolated test recovered by acid maceration, showing close association of kerogen (peaks 
centered at 1348 relative cm− 1 and 1606 relative cm− 1) and pyrite (peaks centered at 342 relative cm− 1 and 428 relative cm− 1). (H) Raman spectra showing quartz 
O-Si-O molecules vibration bands centered at ca. 464 cm− 1. Grey scale bar: 200 µm. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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Density Estimate (KDE) plot (Fig. 11C), one between 1800 and 2000 Ma, 
and the other between 700 and 800 Ma, at 737 Ma (Fig. 11D, F), with a 
weighted mean age of 749 ± 3 Ma (MSWD = 1.51) (Fig. 11E). The 
weighted mean age of the younger population was calculated using 18 
zircon dates with a continuous spread from 719 ± 15 Ma to 773 ± 17 Ma 
(Fig. 11B). Six younger dates, including two of Cryogenian age, are 
distributed between 719 ± 15 Ma and 690 ± 18 Ma (Fig. 11B; Table S5). 

Thermal overprinting of these zircon grains due to Brasiliano-Pan 
Africano events is unlikely. The Jacadigo Group is characterized by 
sub-green schist facies paragenesis (D’el Rey, 2016), consistent with 
estimated maximum temperatures during diagenesis and anchimeta
morphism of 170 to 260 ◦C (Angerer et al. 2021), with preservation of 
organic-walled microfossils and with the mean temperature of 279 ◦C 
calculated here for organic maturation of kerogen based on Raman 
spectra (SOM 1, 2). 

Thus, our correlation of the VSM-bearing, organic-rich, fine-grained 
deposits of the Urucum Formation at Jacadigo and Rabicho hills allow us 
to establish a conservative maximum depositional age for both studied 
succession and the VSM assemblage at 749 ± 3 Ma. The Cryogenian age 
dates found within a glacially influenced succession at Jacadigo hill and 
previously reported Cryogenian detrital zircon grains in the overlying 
glaciogenic Santa Cruz Formation (Frei et al., 2017) point to a Late 
Tonian to Early Cryogenian source of detrital zircon for both units of the 
Jacadigo Group. 

Our geochronological results narrow the age constraints on the 
deposition of the studied successions to sometime between the conser
vative weighted mean age of 749 ± 3 Ma (Tonian) and the available 

minimum age of 587 ± 7 Ma (Ediacaran) for anchimetamorphism 
(Piacentini et al., 2013). These results alone do not rule out a Tonian age 
for the studied deposits and microfossils, which would be in keeping 
with the present consensus of the temporal distribution of VSMs. 

However, the dominance of glacial microfacies in the studied ma
terial is highly suggestive of a younger, Cryogenian age. Even consid
ering the interval defined by the Paleoproterozoic age of the basement 
and the Ediacaran age of anchimetamorphism, only two glacial episodes 
are known – the Sturtian and Marinoan global glaciations, both within 
the Cryogenian Period (e.g. Hoffman et al., 2017; Freitas et al., 2021). 

Moreover, the presence of Early Cryogenian zircon grains in our 
material provides additional support for the interpretation of a Cry
ogenian age for the rocks and in situ microfossils studied here. Indeed, 
elsewhere Freitas et al. (2021) have more specifically correlated the 
Jacadigo Group with Neoproterozoic cryochrons and have proposed a 
Marinoan age for the organic-rich fine-grained successions at Jacadigo 
and Rabicho hills. 

4.5. Systematic paleontology 

The newly discovered VSMs in organic-rich fine-grained deposits of 
the upper Urucum Formation at Rabicho hill comprise cup- to tear- 
shaped tests, circular in transverse section, that may taper toward a 
single opening, rimmed or not by a distinct collar, while at the opposite 
end the aboral pole may be rounded or slightly pointed. The tests vary 
widely in size from 30 to 200 µm long and 30 to 140 µm wide and 
present greater morphological diversity than the VSMs previously 

Fig. 8. Petrographic features of microfossils in the RAB-FD00019 core. (A-C) Transmitted light (A), crossed Nicols (B), and cathodoluminescence (C) images of a VSM 
filled by matrix at 134 m depth. Note similarity in composition inside and outside the test as well as the very fine quartz and carbonate silt grains represented by 
points of purple and red luminescence, respectively. (D-F) Transmitted light (D), crossed Nicols (E) and cathodoluminescence (F) images of two VSMs filled by quartz 
cement at 115 m depth. Note homogeneity of fine-grained quartz and clay mineral coatings on grains. (G, H) Transmitted light (G) and crossed Nicols (H) images of a 
VSM filled by carbonate at 104 m depth. Note high birefringence and faceted crystal habit of the test fill. (I) Sphaeromorphic acritarchs aligned along a detrital mica 
flake within matrix at 115 m depth. White scale bar: 100 µm. Grey scale bar: 200 µm. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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reported in dolostone clasts near the base of the formation (Morais et al., 
2019; Table 1). Of the approximately 100 specimens of VSMs available 
in thin sections for the present study, 47 exhibited longitudinal sections 
parallel to the thin section surface suitable for detailed examination of 
critical features and assignment to seven species: Cycliocyrillium simplex, 
Bonniea dacruchares, B. pytinaia, Palaeoarcella athanata, and Trigonocyr
illium horodyskii, originally described by Porter et al. (2003); and Limeta 
lageniformis and cf. Taruma rata, originally described by Morais et al. 
(2017). Pakupaku kabin, described by Riedman et al. (2018), Palae
oarcella athanata, B. pytinaia, and Bombycion micron are here reported for 
the first time in the Urucum Formation (Table 1). 

Domain Eucarya Woese et al., 1990 
Vase-shaped Microfossils 
Genus Cycliocyrillium Porter et al., 2003 emend. Morais et al., 2017 
Type species: Cycliocyrillium simplex Porter et al., 2003. 
Other species: Cycliocyrillium torquata Porter et al., 2003. 
Emended diagnosis: Bulbous to pyriform VSMs having a circular 
aperture either flush with the test or associated with a narrow collar 
or short, uncurved neck, not exceeding one-tenth the total length of 
the specimen; angle between the apertural plane and the aboral axis 
~90◦. 

Cycliocyrillium simplex Porter et al., 2003 
Fig. 12A; Table 1 

1933 Fossil II Ewetz (1933), p. 509, fig. 6. 
1979 “Enigmatic, ‘bag-shaped’, ‘chitinozoan-like’ microfossils” 
Vidal, 
p. 24, plate 6, figs. A; B. 
1980 “Vase-shaped microfossils” Knoll and Vidal, p. 208, fig. 1D–G. 

1980 “Flask-shaped forms” Binda and Bokhari, p. 71, fig. 1D–E. 
1983 “Vase-shaped microfossils” Knoll and Calder, p. 489, plate 61, 
fig 2; 3; 7; 8. 
1989 Melanocyrillium Knoll et al., p. 138, fig. 7.9. 
2003 Cycliocyrillium simplex Porter et al., p. 415, fig. 6.1–6.9. 
2010? Melanocyrillium cf. Melanocyrillium hexodiadema Sergeev and 
Schopf, p. 386, fig. 14.3. 
2017 Cycliocyrillium simplex Cohen, Irvine and Strauss, p. 15, figs. 
4A–C; 7B-C. 
2017 Cycliocyrillium simplex Morais et al., p. 5, figs. 2.1–2.5. 
2018 Cycliocyrillium simplex Riedman et al., figs.3.7, 3.11, 4.12, 4.13, 
5.7–5.9, 5.11, 5.13 
Holotype: HUPC# 64455, upper Tonian (~742 ± 6 Ma), Kwagunt 
Formation, Chuar Group, Grand Canyon, Arizona (Porter et al., 
2003; p. 415, fig. 6.1–6.9). 
Materials: N = 4. Thin sections GP/5E-4374 and GP/5E-4375 from 
levels 115.4 m and 125.1 m, respectively, below top of core RAB- 
FD00019 (Fig. 2), Urucum Formation, Jacadigo Group (Corumbá, 
Brazil). 
Diagnosis: Specimens of Cycliocyrillium whose apertural margin is 
not thickened or set off from the rest of the test by a short neck. 
Smooth apertural margin, flush with the rest of the test. 
Description: Specimens with bulbous tests and circular aperture, 
without a collar or neck. Test lengths range from 134 μm to 181 μm 
(x = 149 μm, σ = 22 μm), test widths range from 77 μm to 119 μm (x 
= 92 μm, σ = 18 μm) and length–width ratios range from 1.21 to 2.35 
(x = 1.67, σ = 0.48). Aperture not measurable in practically all 
specimens. 
Remarks: Specimens are bigger than those found in dolostone clasts 
within the Urucum Formation (Morais et al., 2017; Morais et al., 
2019): test lengths are 134 to 181 µm vs. 50 to 139 µm and widths are 

Fig. 9. Cement and syn-sedimentary fault domains in the RAB-FD00019 core. (A) Cathodoluminescence image showing plagioclase (green luminescence) and quartz 
(bright purple luminescence) overgrowth at 120 m depth. (B) Cathodoluminescence image highlighting preferential calcite replacement (red luminescence) of silt 
and sand grains around sub-circular grain clusters at 104 m depth. (C, D). Transmitted light photomicrograph and graphic interpretation of syn-sedimentary fault 
domain (black dashed lines) affecting grain clusters (blue dashed lines) and two sets of matrix fabrics (red and green dashed lines) at 125 m depth. White scale bar: 
200 µm. Grey scale bar: 500 µm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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77 to 119 µm vs. 42 to 96 µm. Additionally, the VSMs are also bigger 
if compared to Kwagunt Formation (L = 40–110 µm; W = 35–75 µm); 
Callison Lake Formation (L = 59–164 µm; W = 40–102 µm); Eleonore 
Bay Group (L = 34–126 µm; W = 23–65 µm); and Visingsö Group (L 
= 41–67 µm; W = 18–34 µm) (Porter et al., 2003; Morais et al., 2017, 
supp. material; Riedman et al., 2018). 

Genus Limeta Morais et al., 2017 

Type species: Limeta lageniformis Morais et al., 2017 
Limeta lageniformis Morais et al., 2017 
Fig. 12B; Table 1 

2017 Limeta lageniformis Morais et al., p. 400, figs. 4.4; 6.7–6.9; 7.5; 
7.6. 
2019 Limeta lageniformis Morais et al., p. 5, figs. 2.9–13. 
Holotype: GP/5T: 2529 F from the Neoproterozoic Urucum Forma
tion, Jacadigo Group, Corumbá, Brazil (Morais et al., p. 400, figs. 4.4; 
6.7–6.9; 7.5; 7.6). 
Diagnosis: VSMs tests having a pyriform to sub-globose body and a 
long neck, 20–50% the total length of the test, with a simple terminal 
aperture. 
Materials: N = 2. Thin sections GP/5E-4374 and GP/5E-4375 of the 
115.4 m at 125.1 m levels, respectively, measured from the top 
downwards of core RAB-FD00019 (Fig. 2), Urucum Formation, 
Jacadigo Group (Corumbá, Brazil). 

Fig. 10. Sedimentary setting for the VSM-bearing, organic-rich, fine-grained succession of the Urucum Formation. (A) Variation of the abundance of matrix and clast 
clusters and its interpreted meaning along the studied succession in the RAB-FD00019 core. (B) Reconstruction of sedimentary setting beneath an ice shelf between 
ice grounding and calving lines for the in situ entombment of the VSM assemblage described here (modified from Domack et al., 1999). 
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Description: Test lengths range from 137 μm to 213 μm, widths from 
76 μm to 82 μm, length–width ratios of (x = 1.80, 2.59); neck lengths 
range from 50 μm to 85 μm, and neck length-total length ratios from 
0.26 to 0.40. Aperture is not measurable in practically all specimens. 
Remarks: Specimens are bigger than those found in dolostone clasts 
within the Urucum Formation (Morais et al., 2017; Morais 
et al.,2019): test lengths are 137 to 213 µm vs. 100 to 133 µm and 
widths are 76 to 82 µm vs. 53 to 70 µm. Additionally, the VSMs are 
also bigger if compared to Kwagunt Formation (L = 67–169 µm; W =

29–62 µm) and Callison Lake Formation (L = 85–198 µm; W =
29–85 µm) (Porter et al., 2003; Morais et al., 2017). 

Genus Bonniea Porter et al., 2003 

Type species: Bonniea dacruchares Porter et al., 2003 
Other species: Bonniea pytinaia Porter et al., 2003 
Bonniea dacruchares Porter et al., 2003 
Fig. 12C; Table 1 
1988 Melanocyrillium Green et al., p. 839, fig. 4.4. 

Fig. 11. Results of detrital zircon geochronology. (A) Concordia plot of all detrital zircon dates obtained from sample MJ17-1(1)B, representative of the fine-grained, 
organic rich, VSM-bearing succession of the Urucum Formation at Jacadigo hill. (B) Concordia plot for the younger population found in sample MJ17-1(1)B. Dates 
excluded from the calculation of the weighted mean age (E) are represented by red ellipses. (C) Kernel Density Estimate (KDE) plot for all detrital zircon dates 
obtained from sample MJ17-1(1)B. (D) KDE plot for the younger population. (E) Weighted mean age of the younger population. (F) Cathodoluminescence image of 
examples of dated zircon grains of the younger population. Plots generated with IsoplotR (Vermeesch, 2018). Black scale bars: 50 µm. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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1996 “Vase-shaped microfossil (Melanocyrillium sp)”, Knoll (1996), 
pl. 3, fig. 12. 
2001 “Curved specimen” Martí Mus, p. 5, Fig. 3I. 
2003 Bonniea dacruchares Porter et al., p. 417, fig. 9.1–9.15. 
2014 Bonniea dacruchares Strauss et al., p. 660, fig. 2E. 
2017 Bonniea dacruchares Cohen, Irvine and Strauss, p. 13, fig. 3A-B. 
2017 Bonniea dacruchares Morais et al., 2017, p. 6, figs. 3.10–3.11. 
2018 Bonniea dacruchares Riedman et al., 2018, pgs. 23, 25, 27, figs. 
3.12; 4.3; 4.5; 4.9. 
Holotype: HUPC# 64,409 from sample AK10-53-13A, Nankoweap 
Butte locality, Walcott Member, Chuar Group, Grand Canyon, Ari
zona (Porter et al., p. 417, fig. 9.1–9.15). 
Materials: N = 21. Thin sections GP/5E-4373, GP/5E-4374, and GP/ 
5E-4375 of the 104.9 m, 115.4 m, and 125.1 m levels, respectively, 

measured from the top downwards of core RAB-FD00019 (Fig. 2), 
Urucum Formation, Jacadigo Group (Corumbá, Brazil). 
Diagnosis: Specimens of the genus Bonniea with tests having length- 
to-width ratios of less than two and concavity greater than 30◦. 
Aperture may be slightly thickened (Porter et al., 2003). 
Description: Tests range from 49 μm to 159 μm in length (x = 115 
μm, σ = 25 μm), from 29 μm to 106 μm in width (x = 71 μm, σ = 19 
μm), and from 1.28 to 2.11 in length–width ratio (x = 1.65, σ =
0.20). Aperture is not measurable in practically all specimens. 
Remarks: Specimens are bigger than those found in dolostone clasts 
within the Urucum Formation (Morais et al., 2017; Morais et al., 
2019): test lengths are 49 to 144 µm vs. 65 to 88 µm and widths are 
29 to 106 µm vs. 46 to 65 µm. Additionally, the VSMs are similar if 
compared to Kwagunt Formation (L = 65–180 µm; W = 35–90 µm); 
Callison Lake Formation (L = 60–153 µm; W = 35–90 µm) and Black 

Fig. 12. Photomicrographs of representative VSMs from drill core RAB-FD0009 in the Neoproterozoic Urucum Formation, Jacadigo Group, Brazil. Tests in A-G, I-K, 
have been fully pyritized. (A) Cycliocyrillium simplex (GP/5E 4374). (B) Deformed test of Limeta lageniformis (GP/5E 4374). (C) Bonniea dacruchares (GP/5E 4374). (D- 
E) Bonniea pytinaia (GP/5E 4374). (F) cf. Bonniea pytinaia (GP/5E 4374). (G) Bombycion micron (GP/5E 4374). (H) Partially pyritized carbonaceous test of Bombycion 
micron (GP/5E 4375). (I) Palaeoarcella athanata (GP/5E 4374). (J) Apertural view of pyritized test of Trigonocyrillium horodyskii (GP/5E 4374) (K) cf. Taruma rata 
(GP/5E 4374). (L) Pakupaku kabin (GP/5E 4374). Scale bars: 50 µm. 
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River Dolomite (L = 67–125 µm; W = 41–77 µm) (Porter et al., 2003; 
Morais et al., 2019; Riedman et al., 2018). 

Bonniea pytinaia Porter e al., 2003 
Fig. 12D-F; Table 1 

2003 Bonniea pytinaia Porter et al., p. 418, figs. 9.16–9.23; 18.2. 
2017 Bonniea pytinaia Cohen, Irvine and Strauss, p. 14, fig. 3C–E, J. 
2018 Bonniea pytinaia Riedman et al., pgs. 22; 25; 27, figs. 3.9–3.10; 
4.4; 4.6–4.8; 5.5–5.6; 5.10. 
Holotype: HUPC# 64,410 from sample AK10-53-13A, Nankoweap 
Butte locality, Walcott Member, Chuar Group, Grand Canyon, Ari
zona (Porter et al., p. 418, figs. 9.16–9.23; 18.2). 
Materials: N = 5. Thin sections GP/5E-4374 and GP/5E-4375 of the 
115.4 m 125.1 m levels, respectively, measured from the top 
downwards of core RAB-FD00019, (Fig. 2). Urucum Formation, 
Jacadigo Group (Corumbá, Brazil). 
Diagnosis: Specimens of the genus Bonniea that have a test with a 
length-to-width ratio of two or greater and concavity less than 30◦. 
Description: Tests range from 134 μm to 166 μm in length (x = 144 
μm, σ = 13 μm), 62 μm to 103 μm in width (x = 74 μm, σ = 15 μm) 
and 1.31 to 2.25 in length–width ratios (x = 1.99, σ = 0.34). Aper
ture is not measurable in practically all specimens. Specimen shown 
in Fig. 12F is here included in this taxon with reservations, due to 
poor preservation of the aperture. 
Remarks: This species has never been observed within dolostone 
clasts near the base of the Urucum Formation. VSMs are bigger than 
those found in Kwagunt Formation (L = 80–160 µm; W = 30–70 µm); 
Callison Lake Formation (L = 79–181 µm; W = 31–81 µm) and 
similar to Black River Dolomite (L = 57–184 µm; W = 26–78 µm) 
(Porter et al., 2003; Riedman et al., 2018). 

Genus Bombycion Porter et al., 2003 

Type species: Bombycion micron Porter et al., 2003 
Bombycion micron Porter et al., 2003 
Fig. 12G-H; Table 1 
2003 Bombycion micron Porter et al., p. 421, figs. 13.1–13.4. 
2014 Bombycion micron Strauss et al. Strauss et al., p. 660, fig. 2D. 
2018 Bombycion micron Riedman et al., pgs. 22; 25, figs. 3.4; 3.6; ? 
4.1–4.2. 
Holotype: HUPC# 64,410 from sample AK10-53-13A, Nankoweap 
Butte locality, Walcott Member, Chuar Group, Grand Canyon, Ari
zona (Porter et al., p. 423, figs. 13.1–13.4) 
Materials: N = 4. Thin sections GP/5E-4374 and GP/5E-4375 of the 
115.4 m 125.1 m levels, respectively, measured from the top 
downwards of core RAB-FD00019, (Fig. 2). Urucum Formation, 
Jacadigo Group (Corumbá, Brazil). 
Diagnosis: Vase-shaped microfossil with apertural plane tilted such 
that it is flush with the side of the test. 
Description: Tests range from 85.7 μm to 195.6 μm in length (x =
151.1 μm, σ = 52.3 μm), 57 μm to 130.4 μm in width (x = 96.9 μm, σ 
= 35.4 μm) and 1.5 µm to 1.7 µm in length–width ratios (x = 1.6, σ =
1.5). Aperture diameters range from 17 µm to 65.2 µm (x = 40.8 μm, 
σ = 20.1 μm). 
Remarks: This species has never been observed within dolostone 
clasts near the base of the Urucum Formation. VSMs are bigger than 
those found in the Kwagunt Formation (L = 60–195 µm; W = 39–85 
µm) and similar to the Black River Dolomite (L = 59–155 µm; W =
26–78 µm) (Porter et al., 2003; Riedman et al., 2018). Aperture not 
measurable in the specimens. 

Genus Palaeoarcella Porter et al., 2003 

Type species. Palaeoarcella athanata Porter et al., 2003, by 
monotypy. 

Palaeoarcella athanata Porter et al., 2003 
Fig. 12I; Table 1 
2003 Palaeoarcella athanata Porter et al., p. 419, figs. 11.1–11.6. 
2014 Palaeoarcella athanata Strauss et al., p. 660, fig. 2B. 
2017 Palaeoarcella athanata Cohen, Irvine and Strauss, p. 17, fig., 5D- 
F. 
2018 Palaeoarcella athanata Riedman et al., pgs. 22; 25, figs. 3.5; 3.8; 
4.10–4.11. 
Holotype: HUPC# 62,988 from sample AK10-53-13F, Nankoweap 
Butte locality, Walcott Member, Chuar Group, Grand Canyon, Ari
zona (Porter et al., p. 419, figs. 11.1–11.6). 
Materials: N = 4. Thin sections GP/5E-4373 and GP/5E-4375 of the 
104.9 m 125.1 m levels, respectively, measured from the top 
downwards of core RAB-FD00019, (Fig. 2). Urucum Formation, 
Jacadigo Group (Corumbá, Brazil). 
Diagnosis: Hemispherical VSMs with a test length approximately half 
that of test width. Test rounded, without indentations. Aperture 
circular, invaginated. 
Description: Hemispherical tests with invaginated aperture. Test 
length ranges from 28 μm to 47 μm (x = 39 μm, σ = 8 μm), test width 
ranges from 78 μm to 138 μm (x = 99 μm, σ = 27 μm) and length
–width ratios range from 0.20 to 0.56 (x = 0.43, σ = 0.17). Only one 
aperture diameter (90 µm) was measurable. 
Remarks: This species has never been observed within dolostone 
clasts near the base of the Urucum Formation. VSMs are bigger than 
those found in Kwagunt Formation (L = 20–40 µm; W = 40–70 µm) 
and Black River Dolomite (L = 28–29 µm; W = 46–58 µm) (Porter 
et al., 2003; Riedman et al., 2018). 

Genus Trigonocyrillium Porter et al., 2003 

Type species: Trigonocyrillium horodyskii (Bloeser, 1985) Porter et al., 
2003 
Other species: Trigonocyrillium fimbriatum (Bloeser, 1985) Porter 
et al., 2003 
Diagnosis: Pyriform to bulbous VSMs with an equilateral triangular 
aperture. 
Trigonocyrillium horodyskii (Bloeser, 1985) Porter et al., 2003 
Fig. 12J; Table 1 
2003 Trigonocyrillium horodyskii (Bloeser, 1985) Porter et al., p. 412, 
fig. 5.1–5.19. 
Holotype: University of California at Los Angeles (UCLA) catalogue 
number 58,975 from Walcott Member, Kwagunt Formation, Chuar 
Group, Grand Canyon, Arizona (Porter et al., p. 412, fig. 5.1–5.19). 
Materials: N = 1. Thin section GP/5E-4374 of the 115.4 m level 
measured from the top downwards of core RAB-FD00019 (Fig. 2), 
Urucum Formation, Jacadigo Group (Corumbá, Brazil). 
Diagnosis: Specimens of the genus Trigonocyrillium with unadorned 
apertural margins. 
Description: The specimen, viewed in cross section, exhibits the 
diagnostic equilateral triangular aperture with subrounded apices; 
sizes equal to 20 µm. Other morphometric parameters were not 
measurable. 
Remarks: Only the aperture of one specimen was observed, but it fits 
in diagnosis for the species (Porter et al., 2003). 

Genus Taruma Morais et al., 2017 

Type species: Taruma rata Morais et al., 2017 
cf Taruma rata Morais et al., 2017 
Fig. 12K; Table 1 
2017 Taruma rata Morais et al., 2017, pg. 394, fig. 1.4; pg. 397; fig. 
4.4; pg.399; figs. 5.7–5.9. 
Holotype: Holotype GP/5T 2533 B from the Neoproterozoic Urucum 
Formation, Jacadigo Group, Corumbá, Brazil (Morais et al., 2017, pg. 
394, fig. 1.4; pg. 397; fig. 4.4; pg.399; figs. 5.7–5.9). 
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Material: N = 1. Thin section GP/5E-4374 of the 115.4 m level 
measured from the top downwards of core RAB-FD00019 (Fig. 2), 
Urucum Formation, Jacadigo Group (Corumbá, Brazil). 
Diagnosis: VSMs with nearly cylindrical test having a rounded aboral 
end and a flat to low roof-like oral surface with a narrow central 
circular aperture. 
Description: Specimen shows diagnostic features as cylindrical test 
with a rounded aboral end and a flat roof-like oral surface, measuring 
85 µm in length and 53 µm in width. The surface is totally pyritized 
and the aperture is not clear. 
Remarks: Pyritization impedes visualization of the double wall 
evident in specimens described by Morais et al. (2017) as well as wall 
structure and details of the aperture. What suggests its identification 
as Taruma rata is its cylindrical shape and rounded aboral pole, a 
shape unique to this species among formally named VSM species. 
Until other, better preserved specimens can be found to confirm this 
identification, we shall refer to this specimen as cf. Taruma rata. 

Genus Pakupaku Riedman et al., 2018 

Type species: Pakupaku kabin Riedman et al., 2018 
cf. Pakupaku Riedman et al., 2018 
Fig. 12L; Table 1 
2018 Pakupaku kabin Riedman et al., 2018, pg. 11, fig. 6.1–6.2. 
Holotype: Holotype.—(Fig. 6.1, 6.2), Accession number CPC43685, 
slide Tas 10–41(par), England Graticule coordinates F69-0, from 
Bertha Road locality, lower Black River Dolomite, Togari Group, 
Tasmania. (Riedman et al., 2018, pg. 11, figs. 6.1–6.2). 
Material: N = 2. Thin section GP/5E-4374 of the 115.4 m level and 
GP/5E-4375 of the 125.1 m level measured from the top downwards 
of core RAB-FD00019 (Fig. 2), Urucum Formation, Jacadigo Group 
(Corumbá, Brazil). 
Diagnosis: Vase-shaped microfossil with pyriform test and aperture 
(when viewed oral end-on) with shape of biconvex lens or an ellipse 
with two pointed ends. As viewed in profile, the aperture has a 
gaping appearance like a wedge has been removed. 
Description: Specimen shows diagnostic features as a pyriform test 
and aperture (when viewed oral end-on) with shape of biconvex lens 
or an ellipse with two pointed ends, measuring 150 and 155,5 µm in 
length and 61 and 87,5 µm in width. Aperture measuring 25 and 
27.7 µm. 
Remarks: The profile view in the thin section allowed to see the 
gaping appearance in Pakupaku kabin, like a wedge has been 
removed, as described by Riedman et al. (2018). 

5. Significance of this discovery 

The discovery of VSMs preserved within the fine-grained succession 
in the upper Urucum Formation impacts significantly upon current 
thinking on several aspects of late Neoproterozoic Earth history. Most 
importantly, it shows that specific VSM taxa (Cycliocyrillium simplex, 
Limeta lageniformis, Bonniea dacruchares, Bonniea pytinaia, Bombycion 
micron, Palaeoarcella athanata, Trigonocyrillium horodyskii and Pakupaku 
kabin), usually thought to be restricted to the Tonian, persisted into the 
Cryogenian record. Although our geochronologic results do not exclude 
a Tonian age for the microfossils, facies analysis strongly points to 
deposition in a proximal glacially influenced, hence Cryogenian setting. 
This unusual facies containing the VSMs, now becomes a promising new 
target for micropaleontological investigation in Cryogenian successions 
worldwide. 

All four levels containing VSMs in drill core RAB-FD00019 (at depths 
of 134.5, 125.1 m, 115.4 m and 104.9 m) present similar petrographic 
evidence characteristic of glacial deformation but also similar species 
composition and diversity of scattered three-dimensional, pyrite- 
encrusted and permineralized complete tests, and associated abundant 
kerogen. Except for species composition and diversity, these 

characteristics contrast with what Morais et al. (2017) and Morais et al. 
(2019) observed in the VSM-bearing dolostone clasts in diamictites from 
the same formation. Nine taxa of VSMs are now known from the silici
clastic deposits studied here and seven from the carbonate clasts, five of 
which are common to both: Cycliocyrillium simplex, Bonniea dacruchares, 
and Trigonocyrillium horodyskii, Limeta lageniformis and cf. Taruma rata 
(Porter et al., 2003; Morais et al., 2017). Bonniea pytinaia, Bombycion 
micron, Palaeoarcella athanata and Pakupaku kabin have been observed 
only in the organic-rich fine-grained facies of the Urucum Formation, 
whereas Cycliocyrillium torquata Porter et al. (2003) and Palaeoamphora 
urucumense Morais et al. (2017) are only known in the carbonate clasts. 

Presuming that the microfossiliferous dolostone clasts come from a 
source within the Urucum Formation itself, as proposed by Freitas et al. 
(2021), the total number of species in the carbonate clast and organic- 
rich fine-grained facies assemblages now comes to 12. The Callison 
Lake and Kwagunt assemblages, with 13 and 16 species, respectively, 
show the greatest diversity among VSMs assemblages (Porter et al., 
2003; Cohen et al., 2017; Riedman et al, 2018; Morais et al., 2019). We 
predict that reexamination of other VSM occurrences worldwide will 
similarly reveal greater morphological diversity than previously 
acknowledged. 

Except for Taruma rata, all Urucum taxa are also known in Tonian 
assemblages. Four of the taxa – C. simplex, C. torquata, Bonniea dacru
chares, and B. pytinaia, are part of Riedman et al.’s (2018) Cyclocyrillium 
simplex assemblage, proposed as biostratigraphically useful for identi
fying upper Tonian rocks. Given the evidence presented here that these 
taxa extended into the Cryogenian, this concept is here called into 
question. Nevertheless, it should be noted that the fifth taxon of Ried
man et al.’s assemblage, Melanocyrillium hexadiadema, continues to be 
restricted to Tonian strata. 

The new assemblage from the Urucum Formation indicates that 
despite the apparent decline of the record of marine testate protistans 
(VSMs) near the end of the Tonian period, several Tonian VSM taxa 
persisted into the Cryogenian, specifically into the Marinoan cryochron 
(Freitas et al., 2021). The VSMs occur in situ in the organic-rich fine- 
grained facies, that is, they are undoubtedly the same age as these de
posits. But whether they represent benthic autochthonous elements or 
parautochthonous components derived from the water column beneath 
or adjacent to an ice shelf or from cryoconite holes or pans on the ice 
surface remains to be determined. 

Another open question remains regarding their relationship to con
tinental arcellinids, with which they are most often compared. Are they 
merely morphological analogues or could they be homologous with 
modern lineages? Possibly, the extreme stresses in the marine environ
ment at the end of the Tonian and the onset of intense Cryogenian 
glaciation may have favored their transition to freshwater habitats and, 
later, to continental settings, via, for example, adaptation to meltwater- 
derived, oxygen-rich freshwater lenses overlying denser seawater in 
restricted marine environments, such as fjords, during glaciation 
(Hoffman et al., 2017; Lechte et al., 2019). The discovery of arcellinid- 
like microfossils in marginal depositional settings and their reduction in 
marine environments during the Cryogenian and Ediacaran is predicted 
by this model and might represent the first step to establish the timing of 
continental conquest by testate amoebae. 

6. Conclusions 

Pyritized tests exhibiting morphologies consistent with those of both 
modern arcellinid testate amoebae and Tonian vase-shaped microfossils 
(VSMs) have been found in situ in deposits of the Urucum Formation 
displaying varied evidence of glacial influence correlated with the 
Marinoan global glaciation. The maximum age of deposition of these 
shales and microfossils, as determined from detrital zircon, is conser
vatively established at 749 ± 3 Ma, late Tonian. However, clear petro
graphic and sedimentologic evidence of glacial influence on deposition 
of the upper Urucum Formation, in which the in situ VSMs occur, favors 
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correlation with Cryogenian glacial episodes, thus showing that the re
cord of VSMs, formerly thought to be exclusively Tonian in age, extends 
into Cryogenian periglacial marine settings. Indeed, recent sequence and 
chemostratigraphic analyses of the Jacadigo Group correlated the 
studied interval to the Marinoan cryochron. These findings call into 
question the use of the Cycliocyrillium simplex assemblage as a 
biostratigraphic tool for Tonian rocks. 
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Norsk Geologisk Tidsskrift 80 (3), 213–228. 

Mazumder, A., Govil, P., Kar, R., Gayathri, N.M., Raghuram, 2017. Paleoenvironments of 
a proglacial lake in Schirmacher Oasis, East Antarctica: insights from quartz grain 
microtextures. Pol. Polar Res. 38, 1–19. 

McGee, B., Babinski, M., Trindade, R., Collins, A.S., 2018. Tracing final Gondwana 
assembly: Age and provenance of key stratigraphic units in the southern Paraguay 
Belt, Brazil. Precambr. Res. 307, 1–33. 

Meer, J.J. van der, 1993. Microscopic evidence of subglacial deformation. Quat. Sci. Rev. 
12 (7), 553–587. 

Menzies, J., Meer, J.J.M., 2018. Micromorphology and microsedimentology of glacial 
sediments. In: Past Glacial Environments. Elsevier, pp. 753–806. https://doi.org/ 
10.1016/B978-0-08-100524-8.00036-1. 

Moczydłowska, M., Pease, V., Willman, S., Wickström, L., Agić, H., 2017. A Tonian age 
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