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Abstract.—Vase-shaped microfossils (VSMs) occur in dolomitic extraclasts of indeterminate provenance within the basal
diamictite of the Neoproterozoic Urucum Formation (Jacadigo Group) of west-central Brazil, having an age
constrained between 889+44 Ma (K-Ar; basement rocks) and 587+7 Ma (**’Ar/*°Ar age of early metamorphic
cryptomelane in overlying manganese ore). Early isopachous carbonate cement entombed these VSMs, preserving rare
direct evidence of original wall composition that is carbonaceous (now kerogenous) in practically all specimens. Some
tests are siliceous or composed of a quartz-kerogen mixture; secondary replacement explains some features of these tests,
but original biomineralization seems more likely for others. This interpretation, coupled with test morphology, suggests
affinity to arcellinid testate amoebae. Five VSM taxa are recognized in the deposit: Cycliocyrillium simplex Porter,
Meisterfeld, and Knoll, 2003, and C. torquata Porter, Meisterfeld, and Knoll, 2003, originally described in the Chuar
Group (USA), and three new monospecific genera—Palaeoamphora urucumense n. gen. n. sp., Limeta lageniformis n.
gen. n. sp., and Taruma rata n. gen. n. sp. Most of the taxonomically important characteristics of these VSMs occur also
in extant testate amoebae, but the combinations of some characters, such as organic-walled tests having exceptionally long
necks that exhibit terminal apertures (L. lageniformis n. gen. n. sp.), are evidently novel additions to the known diversity
of Neoproterozoic VSMs. Evidence of glacially influenced deposition in the conformably overlying Santa Cruz Formation
may indicate that the Urucum Formation slightly preceded or was penecontemporaneous with a major Neoproterozoic
glaciation, although the VSM-hosting extraclasts must be older, possibly rivaling the age of the testate amoebae of the
Chichkan Formation (766 + 7 Ma) that are currently regarded as the oldest record of protists in the geological record.

Introduction

Molecular phylogenies and the fossil record indicate that
eukaryotic diversification appreciably preceded the early Cambrian
appearance of metazoans with hard parts (Knoll, 2014; Butterfield,
2015). Vase-shaped microfossils (VSMs), commonly interpreted
to be the oldest evidence of heterotrophic protists in the
pre-metazoan fossil record, occur widely in Neoproterozoic rocks
younger than ~750 Ma. As illustrated in Figure 1, the morphology

of these microfossils is similar to such unicellular eukaryotes
as chitinozoans, tintinnids, foraminifera, testate amoebae, and
acritarchs (Bloeser et al., 1977; Fairchild et al., 1978; Bloeser,
1985; Schopf, 1992; Porter et al., 2003; Bosak et al., 2012).
Affinities of VSMs to testate amoebae were first postulated by
Schopf (1992, p. 592) and later acknowledged and corroborated by
Porter and Knoll (2000, p. 360), an interpretation now generally
accepted for most VSMs (e.g., Bosak et al., 2011; Dalton et al.,
2013; Strauss et al., 2014). Extant testate amoebae have been
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Figure 1. Simplified phylogenetic tree of protists, with examples of selected
groups of testate amoebae having a significant fossil record shown on the right.
(1) Cercozoa (possible euglyphid from near the top of the Ediacaran Bocaina
Formation, Corumbd Group, Serra da Bodoquena, Brazil) (GP/SE 2544);
(2) modern foraminiferan (https:/depts.washington.edu/forams/order-lagenida/
genus-lagena/); (3) tintinnids from the Jurassic of Mexico (GP/SE-4280), and
(4) vase-shaped microfossil interpreted as arcellinid (Tubulinea) (GP/5T-2529 F);
(5) chitinozoan, an extinct group of uncertain affinity (https://commons.wikimedia.
org/wiki/File:Whole_chitinozoan_cropped.jpg). Scale bars = 25um (1), 50 um
(2-4) and 10um (5).

assigned to two taxonomic groups (Lahr et al., 2015): the
Amoebozoa (e.g., arcellinids) and the Rhizaria (e.g., euglyphids
and foraminiferans).

The most extensive descriptions of Neoproterozoic VSMs
are from carbonaceous cherts, shales, and carbonate nodules in
shales of the ~742 + 6 Ma-old Chuar Group of the Grand Canyon,
USA (Bloeser, 1985; Karlstom et al., 2000; Porter and Knoll,
2000; Porter et al., 2003). Originally reported as chitinozoans
(Bloeser et al., 1977), the Chuar VSMs are currently regarded as
among the oldest fossil evidence not only of testate amoebae
(Schopf, 1992, p. 588, 592; Parfrey et al., 2011; Fiz-Palacios et al.,
2014), but of protists in general (Knoll, 2014; Butterfield, 2015)
and of eukaryvory (Porter et al., 2003; Porter, 2011; Knoll, 2014;
Strauss et al., 2014). Elaborating on the reported occurrences of
VSMs listed by Porter and Knoll (2000), Strauss et al. (2014)
tabulated the presence of vasiform microfossils, sensu lato, from
more than two dozen Neoproterozoic units worldwide, part of
which are illustrated in Figure 2. Of particular interest here are
assemblages sharing species in common with the Chuar Group,
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USA- Chuar Gr. (770-716 Ma)

13. India- Vindhyan Supergr. (>650 Ma)

USA- Uinta Mountain Gr. (785-716 Ma) 14. China- Dengying Fm. (551-542 Ma)
USA- Tindir Gr. (811-716 Ma) 15. China- Doushantuo Fm. (635-551 Ma)
Canada- Callison Lake Dolostone (740 Ma) 16. China- Huaibei Gr. (1000-850 Ma)
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Brazil- Urucum Fm. (889-587 Ma) 17. Tasmania- Togari Gr. (780-716 Ma)
Greenland- Eleonore Bay Gr. (780-716 Ma) 18. Mongolia- Tsagaan Oloom Fm. (800-766 Ma)
. Namibia- Rasthof Fm. (665-635 Ma) 19. Kazakhstan- Chichkan Fm. (665-635 Ma)
. Scotland- Bonahaven Fm. (665-635 Ma) 20. Russia- Chatkaragai Suite (800-766 Ma)
9. Sweden- Visingso Beds (805-663 Ma) 21. Russia- Upper Min'yar Fm. (820-687 Ma)
10. Norway- Tanafjorden Gr. (807-716 Ma) 22. Svalbard- Backlundtoppen Fm. (780-716 Ma)
1. India- Simla Slates (823-716 Ma) 23. Svalbard- Draken Fm. (780-716 Ma)
12. India- Vaishnodevi Limestone (<950 Ma) 24. Svalbard- Elbobreen Fm. (780-716 Ma)
Figure 2. Geographic distribution of reported Neoproterozoic vasiform

microfossils. References: Backlundtoppen Group—Svalbard (Knoll and
Calder, 1983); Simla Slates—India (Nautiyal, 1978); Bonahaven Formation—
Scotland (Anderson et al., 2013); Callison Lake Dolostone— Canada (Strauss
et al, 2014); Chatkaragai Suite—Russia (Sergeev and Schopf, 2010);
Chichkan Formation—Kazakhstan (Sergeev and Schopf, 2010); Chuar Group
—USA (Porter et al., 2003); Dengying Formation (Ding et al., 1992; Duan
et al., 1993; Zhang, 1994); Doushantuo Formation—China (Duan, 1985; Duan
et al., 1993; Li et al., 2008); Draken Formation—Svalbard (Knoll et al., 1991);
Elbobreen Formation—Svalbard (Knoll and Calder, 1983); Eleonore Bay
Group—Greenland (Vidal, 1979; Green et al., 1988); Huaibei Group—China
(Xiao et al.,, 2014); Rasthof Formation—Namibia (Bosak et al., 2011);
Tanafjorden Group—Norway (Vidal and Siedlecka, 1983; Vidal and
Moczydtowska, 1995); Togari Group—Tasmania (Saito et al., 1988; Turner
et al., 1998); Tsagaan Oloom Formation—Mongolia (Bosak et al., 2011);
Tindir Group—USA (Allison and Awramik, 1989; Macdonald et al., 2010);
Upper Min’yar Formation—Russia (Maslov et al., 1994; Maslov, 2004); Uinta
Mountain Group—USA (Dehler et al., 2010); Urucum Formation—Brazil
(this paper); Vaishnodevi Limestone and Vindhyan Group—India (Maithy and
Babu, 1988; Venkatachala and Kumar, 1998); and Visings6 Beds—Sweden
(Knoll and Vidal, 1980).

known from the United States (Pahrump Group, Horodyski, 1993;
Corsetti et al., 2003; Uinta Mountain Group, Dehler et al., 2010),
Canada (Callison Lake Dolostone, Strauss et al., 2014), Svalbard
(Elbobreen Formation, Knoll and Calder, 1983; Backlundtoppen
Formation, Knoll et al., 1989; Draken Formation, Knoll et al.,
1991), and, with this and a previous report, Brazil (Urucum
Formation, Fairchild et al., 1978; this paper). Other occurrences
that are broadly similar but contain distinct taxa or taxa requiring
further systematic study are known from Greenland (Eleonore
Bay Group, Vidal, 1979; Green et al., 1988), Saudi Arabia (Jabal
Rockham, Binda and Bokhari, 1980), Sweden (Visingsé Group,
Ewetz, 1933; Knoll and Vidal, 1980; Vidal and Siedlecka, 1983;
Marti Mus and Moczydlowska, 2000), China (Doushantuo
Formation, Duan, 1985; Duan et al., 1993; Li et al., 2008;
Dengying Formation, Zhang and Li, 1991; Ding et al., 1992;
Duan et al., 1993; Zhang, 1994; Huaibei Group, Xiao et al., 2014),
Kazakhstan (Chichkan Formation, Sergeev and Schopf, 2010),
Russia (Chatkaragai Suite, Sergeev and Schopf, 2010), and
Tasmania (Togari Group, Saito et al., 1988; Tumer et al., 1998).
Vasiform microfossils having distinctly differing morphology,
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insufficient illustrations, and/or poor preservation have been
reported from Alaska (USA, Tindir Group, Allison and Awramik,
1989; Macdonald et al., 2010), Mongolia (Tsagaan Oloom
Formation, Bosak et al., 2011), Namibia (Rasthof Formation,
Bosak et al., 2011), Scotland (Bonahaven Formation, Anderson
et al, 2013), Norway (Tanafjorden Formation, Vidal and
Siedlecka, 1983; Vidal and Moczydlowska, 1995), India
(Simla Slates, Nautiyal, 1978; Vindhyan Group, Maithy and
Babu, 1988; Vaishnodevi Limestone, Venkatachala and Kumar,
1998), and Russia (Upper Min’yar Formation, Maslov et al., 1994;
Maslov, 2004).

Taken together, these numerous reports establish that
considerable diversification occurred among testate protists
prior to the end of the Precambrian (Fiz-Palacios et al., 2014;
Lahr et al., 2015).

The present study analyzes VSMs first reported by
Fairchild et al. (1978) from carbonate clasts in diamictite near
the base of the Neoproterozoic Urucum Formation (Jacadigo
Group, Brazil). To extend this work, we have here used, in
addition to standard petrographic microscopy and scanning
electron microscopy (SEM), two techniques recently introduced
in studies of three-dimensionally well-preserved permineralized
microfossils: confocal laser scanning microscopy (CLSM; Mart{
Mus and Moczydiowska, 2000; Schopf et al., 2006, 2016) and
Raman spectroscopy (Schopf et al., 2002, 2016). We show that
the Urucum VSMs include two species previously described
from the Chuar Group (Porter et al., 2003) as well as others
that are sufficiently distinct to warrant erection of three new
monospecific genera, one of which is identifiable in figures
of previously unnamed specimens from the Chuar Group.
Additionally, we record an unnamed form of VSMs that consists

395

of paired tests (Porter et al., 2003, p. 410, fig. 2.1), which we
here refer to as “doublets,” that resemble products of asexual
binary fission in modern testate amoebae. In addition to adding
to the known diversity of Neoproterozoic protistans, the
Urucum VSMs are exceptional in comparison with practically
all other reported VSMs in their preservation of direct evidence
of original wall composition, which in the great majority of the
tests is carbonaceous (kerogenous). Some walls, however,
are composed partially or entirely of silica, the origin and
significance of which are discussed below.

Geological setting

The VSMs here reported occur in dolostone clasts within a
diamictite near the base of the Urucum Formation in the
Neoproterozoic Jacadigo Group of the Urucum massif in the
southern Paraguay Fold Belt of west-central Brazil (Fig. 3;
Fairchild et al., 1978; Freitas et al., 2011). The Jacadigo Group
lies unconformably upon crystalline basement at the junction of
the Rio Apa block with the Amazon craton and is composed of
two units (Almeida, 1964) (Fig. 3): the ~280 m thick Urucum
Formation, consisting of coarse-grained arkoses (including
diamictites), conglomerates and breccias, coarse- to medium-
grained sandstones and subordinate siltstones and carbonates,
having bedded manganese ore close to its top; and the
conformably overlying Santa Cruz Formation, for a few tens of
meters near its base composed of a granular iron-formation and
varied siliciclastic deposits overlain by 300m of banded
hematite-rich iron-formation intercalated with immature
siliciclastic layers that include at least three beds of diamictite
(Dorr, 1945; Almeida, 1964; Angerer et al., 2016).
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Geologic setting of study area. (1) Simplified geological map of the southern Paraguay Fold Belt and (2) schematic stratigraphic column of Jacadigo Group

(modified from Freitas et al., 2011); white star in part 1 indicates the approximate location of the fossiliferous locality at the northern end of Morraria do Rabicho.
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A glacial influence upon sedimentation of the Jacadigo
Group in the study area near Corumbé has been proposed on the
basis of lonestones, diamictites, and recently discovered
distinctive 8'°C and &°Fe signatures (Angerer et al., 2016)
associated with the iron deposits in the Santa Cruz Formation in
the upper part of the group (Barbosa, 1949; Dorr, 1973;
Leeuwen and Graf, 1987; Urban et al., 1992). At Morro do Puga
(Fig. 3), ~70km south of the fossiliferous unit studied here,
diamictites and a pink cap-carbonate, within the type-section of
the Puga Formation (Maciel, 1959), have likewise been inter-
preted in light of one of the late Neoproterozoic ‘Snowball
Earth’ glacial scenarios (Hoffman et al., 1998; Boggiani and
Coimbra, 2002; Hoffman and Schrag, 2002; Babinski et al.,
2013). Stratigraphic relationships between this formation and
the Jacadigo Group are not clear, however. Freitas et al. (2011)
interpreted sedimentation in the Group to reflect continental
rifting rather than global glaciation. Moreover, they identified a
succession of alluvial fan, siliciclastic lacustrine, fan-delta, and
bedload-dominated fluvial depositional systems within the
Urucum Formation, conformably underlying the Santa Cruz
Formation, that are difficult to relate directly to a glacial
paleoenvironment. Based on a proposal by Leeuwen and Graf
(1987), these apparently opposing views may be reconciled if
deposition of the Urucum-Santa Cruz sequence began just prior
to or penecontemporaneously with one of the three major
Neoproterozoic glaciations—the Sturtian (~716 Ma), Marinoan
(~635 Ma), or Gaskiers (~580 Ma) (ages according to Cohen
et al., 2013).

Despite the broad constraints on age of the Jacadigo Group,
available data does allow some insight into possible temporal
relationships with the Neoproterozoic glaciations. The Jacadigo
Group is demonstrably younger than its underlying granitic
basement, dated at ~889 +44 Ma by K-Ar (K-feldspar from
granite; Hasui and Almeida, 1970), and is evidently older than
~587 + 7 Ma, which is the minimum depositional age based on
“OAr/*°Ar dating of the late diagenetic or early metamorphic
crystallization of cryptomelane in the manganese ore near the
top of the formation (Piacentini et al., 2013). The Jacadigo
Group may be younger than ~623 +15 Ma (O’Connor and
Walde, 1985), based on the K-Ar age of a single sample of
poorly exposed quartz porphyry of the La Pimienta Formation
that cuts the basement underlying the Bolivian equivalent of the
Jacadigo Group (Litherland and Bloomfield, 1981; Litherland
etal., 1986). This value and the stratigraphic relationships of the
Bolivian quartz porphyry require corroboration. If it could be
proved that glacial activity during deposition of the Santa Cruz
Formation overlying the Urucum Formation was penecon-
temporaneous with sedimentation of the Puga Formation at
Morro do Puga and in the Serra da Bodoquena, 200 km to the
southeast from the site here studied (Walde and Oliveira, 1980;
Boggiani, 2010), then the age of ~706 + 9 Ma (U-Pb, SHRIMP)
obtained by Babinski et al. (2013) for the youngest detrital
zircon grain in the Puga Formation would also be relevant to that
of the Jacadigo Group. Corroboration of this suggestion would
require additional data supporting both the correlation between
the Puga and Santa Cruz formations and the interpretation that
the glaciation affecting the two formations was related to a
global rather than a local event. Were such strictures to be
substantiated, the age of deposition of the Jacadigo Group
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would be constrained to the interval from ~590 Ma to ~706 Ma,
suggesting the Marinoan and Sturtian events rather than the
Gaskiers as candidates for the Puga-Santa Cruz glaciation.

The VSMs described here are not necessarily coeval with
any of these glaciations. They occur in clasts of unknown
provenance—like the youngest detrital grains of zircon in the
Puga Formation (Babinski et al., 2013)—and may come from an
eroded pre-Urucum source that is appreciably older than the
Puga Formation 706 Ma-old detrital zircon. Thus, they are
possibly older than the 740-750 Ma-old VSMs of the Chuar and
Yukon groups of North America (Porter et al., 2003; Strauss
et al., 2014) and the ~770 Ma-old VSMs of the Chichkan
Formation of Kazakhstan (Sergeev and Schopf, 2010).

Materials and methods

VSMs in the Urucum Formation were originally reported from
dolostone clasts from diamictite near the base of the formation at
the northern end of the Morraria do Rabicho collected by Zaine
(1991) and from an arkosic breccia near the top of the formation
at Morro do Urucum (Fig. 3) collected by Barbour (Fairchild
etal, 1978, p. 77, pl. 1, figs. 7-9). The latter outcrop, however,
has not been re-located and VSMs have not been discovered in
any other arkosic or carbonate beds within the formation.
Similarly, nowhere else in the Corumba region have we found
VSMs in other dolostone-bearing units, such as the Bocaina
Formation, nor in cap dolostones at the type locality of the Puga
Formation at Morro do Puga (Fig. 3; Boggiani et al., 2003;
Babinski et al., 2013). Rare, morphologically markedly different
VSMs, currently under study by L.M., occur in the Serra da
Bodoquena region, preserved in a younger phosphorite of the
Corumbéd Group.

In summary, the source of the Urucum VSM-bearing
clasts is presently unknown and apparently located outside
the depositional basin of the Jacadigo Group, which is an
interpretation that justifies their description as extraclasts.

The VSM-bearing dolostone extraclasts were collected at
three localities, including that of Zaine (1991), within a single
extensive outcrop of diamictite near the base of the Urucum
Formation at the northern end of Morraria do Rabicho, in the
channel leading from the Paraguai River to the Lagoa Negra
(locality 1: 19°1'49.98"S, 57°28'11.94"W; locality 2: 19°1'52.61"S,
57°28'15.16"W; locality 3: 19°1'53.20"S, 57°28'15.64"W). VSMs
were also studied in four dolostone clasts reportedly collected
near the top of the formation at Morro do Urucum, all localities
occurring near Corumbd, Mato Grosso do Sul, west-central Brazil
(Fig. 3; Fairchild et al., 1978).

The following morphological characters regarded as
significant by Porter et al. (2003) are used here to describe
the Urucum VSMs: body shape, total length (L) and width (W),
aperture diameter (AD), neck length (NL), wall thickness (WT)
and uniformity, and test composition. Aspect ratios (L/W)
provide an estimate of the sphericity of the tests and are helpful in
defining body shape. For tests that exhibit long straight or flared
necks (Limeta lageniformis n. gen. n. sp. and Palaeoamphora
urucumense n. gen. n. sp., respectively), the aspect ratio was
calculated as BL/W, in which BL is “body length” defined as the
total test length (L) minus the neck length (NL). In the taxonomic
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descriptions, below, mathematical averages are indicated by x and
their standard deviation by o.

At the Instituto de Geociéncias, Universidade de Sao Paulo
(IGc-USP), the clast-hosted VSMs were studied in ~50 um thick
petrographic thin sections using a Leica DM 750 P microscope
equipped with a Leica MC 170 HD camera. Some images were
obtained using a simplified version of the “white-card” technique
of Folk (1987), by placing a small piece of white paper beneath the
thin section to diffuse the incoming light beam, thereby softening
the visual effect of carbonate crystal boundaries and permitting
a clearer view of individual rock components, especially of
associated organic matter. Transmitted white light and
plane-polarized light optical images of thin section-embedded
specimens were also acquired at the University of California, Los
Angeles (UCLA) using fluorescence-free microscopy immersion
oil and a Leitz Orthoplan 2 microscope equipped with a Nikon DS
Microscope Digital Camera.

Confocal laser scanning micrographs were obtained at
UCLA using an Olympus Fluoview 300 confocal laser scanning
biological microscope system equipped with two Melles Griot
lasers, a 488 nm 20 mW-output argon ion laser and a 633 nm
10mW-output helium-neon laser. Images were acquired using a
100x oil-immersion objective, fluorescence-free microscopy
immersion oil, and filters in the light-path to remove
wavelengths <510nm (for 488 nm laser excitation) and
<660 nm (for 633 nm laser excitation) from the laser-induced
fluorescence emitted by the specimens. Image-sets were
subsequently processed using the VolView v3.4 3D-rendering
computer program that permits image manipulation in three
dimensions.

Raman molecular-structural compositional analyses of the
fossils and associated minerals were carried out at UCLA using a
T64000 triple-stage confocal laser-Raman system that permits
acquisition both of point spectra and of Raman images that display
the two-dimensional spatial distribution of the molecular-
structural components of the specimens and their associated
minerals. A Coherent Innova argon ion laser provided excitation at
457.9 nm permitting data to be obtained over a range from ~300 to
~3000 cm™" using a single spectral window centered at 1800 cm™".
The laser power used was ~6-8 mW over a ~1 um spot, a con-
figuration well below the threshold for radiation damage in kero-
genous fossils, and the thin sections were covered by a veneer of
fluorescence-free microscopy immersion oil, the presence of
which has been shown to have no discernible effect
on the Raman spectra acquired (Schopf et al., 2005). Varying
pixel intensities in the two-dimensional Raman images, acquired
at the ~463 cm™" band of quartz and the ~1600 cm™" “G” band of
kerogen, correspond to the relative concentrations of the material
analyzed.

Repositories and institutional abbreviations.—The petrographic
thin sections analyzed here are designated by the prefix GP/5T,
which is reserved for type and other published specimens
belonging to the Micropaleontology Collection deposited in the
Laboratério de Paleontologia Sistemadtica (LPS) of the Instituto de
Geociéncias, Universidade de Sao Paulo, Brazil. Thin section GP/
L-3E-46, illustrated in Fairchild et al. (1978, p. 77, pl. 1, figs. 7-9),
is deposited in the Paleobotany Collection (GP/3) in the LPS. The
location of illustrated microfossils is indicated by the number of

397

the thin section in which it occurs and a location indicated by a
letter (A, B, C, etc.) on maps of the thin sections deposited in the
LPS. The designation HUPC for type specimens described by
Porter et al. (2003) refers to the Harvard University Paleobotanical
Collections.

Preservational and paleoenvironmental considerations

The VSM-bearing clasts are predominantly dolomitic, containing
small amounts of detrital quartz or other minerals and minor
authigenic quartz (Fig. 6.11, 6.13). Dolomite having a fibrous to
bladed habit forms a distinct rim around nearly all Urucum VSMs
(Figs. 4,5.1,5.3,5.6, 6.1). In such rims, the narrow (<10 pm thick)
layer closest to the wall represents early diagenetic isopachous
calcite or aragonite cement that later recrystallized and later
replaced by sparry dolomite while nevertheless conserving a
palimpsest of the fibrous habit of the original carbonate (Figs. 4.1,
42,44,5.1,53,5.6,6.1-6.9, 6.14-6.16). Such cement also coats
the interiors of some tests or has completely filled them (Figs. 4.2,
6.2). More commonly, however, the tests are filled by
mosaic sparry dolomite like that of their encompassing matrix.
A significant difference between the Urucum VSMs and
practically all such specimens previously described is that they
preserve their original wall thicknesses and, importantly, evidence
of their original wall composition. The great majority is
carbonaceous (kerogenous) (e.g., Fig. 6.1, 6.4-6.9, 6.14), but some
exhibit entirely siliceous or mixed kerogenous-siliceous walls, as
documented by Raman imagery and optical petrography (Figs. 5.7,
5.8, 6.2, 63, 6.7, 6.10, 6.11). Not only have the VSMs
retained their walls, but the original shapes of their tests are
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Figure 4. Schematic representation of textural relationships of VSMs and
matrix in dolostone clasts in diamictite of the Neoproterozoic Urucum
Formation (Jacadigo Group, Corumbd, Brazil) showing tests of VSMs
exhibiting external (1, 2, 4) and partial internal (2) fibrous to bladed
palimpsest carbonate cement textures and matrices dominated by mosaic
dolospar. (1) Transverse section of the organic test of an indeterminate VSM;
(2) longitudinal section through siliceous test of Cycliocyrillium torquata
Porter, Meisterfeld, and Knoll, 2003 (Fig. 6.2, 6.3); (3) longitudinal section
through the siliceous test of the holotype of Taruma rata n. gen. n. sp.
illustrated in Figure 6.10, 6.11; (4) longitudinal section through organic test of
the holotype of Limeta lageniformis n. gen. n. sp. (GP/5T-2529 F) illustrated
in Figure 6.9. Scale bars = 50 um.
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Figure 5. Optical, CLSM, Raman images, and a Raman spectrum of thin
section-embedded VSMs from dolostone clasts in diamictite of the
Neoproterozoic Urucum Formation (Jacadigo Group, Corumbd, Brazil).
(1) Optical image of organic test of Cycliocyrillium simplex Porter,
Meisterfeld, and Knoll, 2003 (GP/5T-2537 A); (2) Raman spectrum of test
shown in (1), indicating the principal bands of the embedding dolomite and
quartz and the “D,” “G,” and second-order carbonaceous kerogen bands of its
test; (3-5) optical (3) and CLSM images (4, 5) of Palaeoamphora urucumense
n. gen. n. sp. that exhibits a constricted short neck subtending its aperture
(GP/5T-2537 B); (6-8) optical image (6) and corresponding Raman images
(7, 8) of a test attributed to C. simplex (GP/5T-2537 C) showing a close
association between kerogen (7) and silica (8).

preserved as well, despite the post-depositional recrystallization
and dolomitization that has altered much of the primary rock fabric.
We conclude that the very early isopachous carbonate cement
was fundamental in preserving the walls of the Urucum VSMs
(Figs. 4, 5, 6).

Attempts were unsuccessful to identify the source of the
VSM-bearing clasts among carbonate intraclasts present in
the continental debris flow-dominated alluvial fan facies of the
Urucum Formation (Freitas et al., 2011), all such intraclasts
proving to be nonfossiliferous and calcitic rather than dolomitic.
Indeed, the isopachous cement encasing the VSMs documented
here is much more characteristically marine (Tucker and
Wright, 1990) than continental. Such a marine origin for the
Urucum VSMs is also consistent with the paleoenvironment
inferred for practically all other occurrences of VSMs (e.g.,
Porter and Knoll, 2000). Available evidence thus indicates that
the VSM-bearing clasts should be regarded as extraclasts of
unknown provenance apparently derived from pre-Urucum
marine rocks.

Systematic paleontology

Of the approximately 3,000 specimens of VSMs detected in
clasts from the Urucum Formation, 55 specimens having long-
itudinal sections oriented parallel to the thin section surface
were examined in detail and differentiated into five species and
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an unnamed form of paired tests here referred to as “doublets.”
Two of the five taxa, Cycliocyrillium simplex and C. torquata,
were originally described by Porter et al. (2003), and the other
three are here assigned to new genera and species: Paleoam-
phora urucumense n. gen. n. sp., Limeta lageniformis n. gen. n.
sp., and Taruma rata n. gen. n. sp.

Vase-shaped Microfossils
Genus Cycliocyrillium Porter, Meisterfeld, and Knoll, 2003

Type species.—Cycliocyrillium simplex Porter et al., 2003.
Other species.—Cycliocyrillium torquata Porter et al., 2003.

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°.

Remarks.—As originally described by Porter et al. (2003,
p. 415), the presence of an uncurved neck is a diagnostic feature
for the genus Cycliocyrillium, but the neck is absent in the type
species C. simplex. Therefore, we have emended the generic and
specific diagnoses to allow for the lack of a neck or collar in the
genus and to differentiate clearly between C. simplex, which has
no collar or neck, and C. forquata, which does.

The dimensions of the specimens of Cycliocyrillium in the
Urucum Formation are similar to those of the type material
presented by Porter et al. (2003) from the Neoproterozoic Chuar
Group. Unlike the type material, which is preserved as molds,
siliceous casts, and carbonate substitutions, the specimens
described here exhibit walls of varied composition. Nearly all
are carbonaceous (kerogenous) (Figs. 4.1, 6.1), which we
interpret as indicating an originally organic wall. A few are
siliceous (Fig. 6.2, 6.3) or a carbonaceous-siliceous mixture
(Fig. 4.6-4.8). Their possible origins are discussed in the next
section.

Cycliocyrillium simplex Porter, Meisterfeld, and Knoll, 2003
Figures 5.1, 5.6, 6.1

2003  Cycliocyrillium simplex Porter et al., p. 415, fig. 6.1-6.9.

Holotype.—HUPC# 64455, upper Tonian (~742+6 Ma),
Kwagunt Formation, Chuar Group, Arizona.

Materials—N = 24; GP/5T: 2529 B, C, D, E, I; 2531 A, B, D,
E; 2532 B, H; 2534 A, C, E; 2535 A; 2536 F, I, L; GP/5T: 2539
B,C,E, F; 2541 A, C.

Diagnosis.—Specimens of Cycliocyrillium with smooth aper-
tural margin flush with the rest of the test.

Description—Specimens from the Urucum Formation have
pyriform tests (L = 50-139pm, x = 87um, o = 20um;
W = 42-96 um, x = 62 um, 6 = 14 um), and exhibit a circular
aperture (aperture diameter, AD = 11-22um, x = 22um,
6 = 6 um) without a collar or neck. Aspect ratios (L/W) range
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Figure 6. Photomicrographs of petrographic thin sections containing VSMs from the Neoproterozoic Urucum Formation (Jacadigo Group, Corumbd, Brazil),
including specimens attributed to taxa first described by Porter et al. (2003) from the Chuar Group (Grand Canyon, Arizona, USA) (1-3) three new monospecific
genera (4-13) and an unnamed form of paired tests (15, 16): (1) carbonaceous test of Cycliocyrillium simplex Porter, Meisterfeld, and Knoll, 2003, enclosed by
fibrous cement (GP/5T-2537 D); (2) siliceous-walled specimen of Cycliocyrillium torquata Porter, Meisterfeld, and Knoll, 2003, exhibiting a short neck and
evidence of an originally fibrous isopachous cement covering both the interior and exterior wall surfaces (GP/5T-2532 G); (3) same specimen under crossed
nicols; (4, 5) paratypes of Palaeoamphora urucumense n. gen. n. sp. exhibiting characteristic funnel-like neck and organic wall (GP/5T-2536 A and B,
respectively); (6) holotype of Palaeoamphora urucumense n. gen. n. sp. (GP/5T-2534 F); (7) paratype of Limeta lageniformis n. gen. n. sp. (GP/5T-2530 A);
(8) paratype of Limeta lageniformis n. gen. n. sp. (GP/5T-2529 F), viewed using the white card technique (see text); (9) holotype of Limeta lageniformis n. gen.
n. sp. (GP/5T-2536 C); (10, 11) robust siliceous-walled holotype of Taruma rata n. gen. n. sp. with ellipsoidal internal chamber lined by organic matter
(GP/5T-2533 B), viewed using white card technique (see text); (11) same specimen under crossed nicols; secondary quartz partially replaces the carbonate beside
the test; (12, 13) siliceous-walled paratype of Taruma rata n. gen. n. sp., exhibiting a roof-like apertural region and an internal palimpsest of fibrous isopachous
cement (GP/5T-2545); note secondary quartz beside test; (13) same specimen under crossed nicols; (14) carbonaceous-walled test attributed to Taruma rata with
reservations (GP/5T-2536 D). (15, 16) Unnamed form comprising a doublet of adpressed tests of unequal size (GP/5T-2530 B); quartz partially fills one test and
cuts the other; (16) specimen under crossed nicols. Scale bars = 100 um for (1, 4-6, 8-13) and 50 um for (2, 3, 7, 14-16).

from 1 to 1.8 (x = 1.4; o = 0.3). Walls organic and uniformly ] . .
thick (WT = 3-6um, x = 4.3pm, 6 = 1.1 pum). Cycliocyrillium torquata Porter, Meisterfeld, and Knoll, 2003

Figure 6.2, 6.3

Remarks.—Raman confocal spectroscopy identified silica as

well as kerogen within the wall of the specimen illustrated in 2003 Cycliocyrillium torquata Porter, Meisterfeld, and Knoll,
Figure 5.6-5.8, which raises questions addressed in the next p. 415, figs. 6.11-6.23, 18.1.

section regarding possible biomineralization in early testate 2014  Cycliocyrillium torquata Porter et al.; Strauss et al.,
amoebae. p. 660, fig. 2F.
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Holotype.—HUPC# 64453, upper Tonian (~742+6 Ma),
Kwagunt Formation, Chuar Group, Arizona.

Material —N = 10; GP/5T 2529 G, H, J, K; 2531 C; 2532 A,
C,D,FG.

Diagnosis.—Specimens of the genus Cycliocyrillium in which
test walls curve orally toward each other and form a a narrow,
slightly thickened collar or proceed parallel as a short uncurved
neck, not exceeding one-tenth total specimen length, which
terminates at the apertural edge.

Description—Specimens from the Urucum Formation have
pyriform tests (L =53-113pm, x = 78um; o = 27um;
W =40-84um, x = 58 um, o = 19um) with a short neck
(NL = 2-10 ym, x = 6 um, 6 = 3 um), terminating in a circular
aperture (AD = 12-34pm, x = 21 um, ¢ = 10pum). Aspect
ratios (L/W) range from 1.2 to 1.5 (x = 1.3; o = 0.09). Walls
carbonaceous or siliceous, of uniform thickness (WT = 4—7 um,
x =53um,c = 1.3 um).

Remarks.—All Urucum specimens of C. forquata exhibit short
necks rather than collars.

Genus Palaeoamphora Morais, Fairchild, and Lahr, new genus

Type species.—Palaeoamphora urucumense n. gen. n. sp., by
monotypy.

Diagnosis.—As for type species, by monotypy.

Etymology.—From palaeo, Greek, ancient; and amphora, Latin,
a type of antique Greek vase; with reference to the antiquity and
shape of the microfossil.

Remarks—The funnel-like neck clearly distinguishes
Palaeoamphora n. gen. from other taxa having long or short
uncurved necks (e.g., Limeta lageniformis n. gen. n. sp. and
Cyclocyrillium torquata Porter et al., 2003, respectively).

Palaeoamphora urucumense Morais, Fairchild, and Lahr,
new species
Figures 5.3-5.5, 6.4-6.6

2003 Unnamed form Porter et al., p. 423, fig. 17.1-17.3.

Type material —N = 6; Holotype, GP/5T-2534 F (Fig. 6.6).
Paratypes (Fig. 6.4, 6.5), GP/5T: 2433 A; 2534 B; 2536 A, B;
GP/5T: 2540 A, from the Neoproterozoic Urucum Formation,
Jacadigo Group, Corumba, Brazil (Repository: LPS, IGc-USP).

Diagnosis.—VSMs having a pyriform test with a funnel-like
neck comprising up to one-sixth the total length of the specimen.

Description.—Total test length (L) = 90-135 um; x = 115 pm;
o = 17pm; W = 60-109 pm, x = 83 um, 6 = 18 pm. Circular
aperture (external aperture diameter, AD = 37-66 um,
x = 52um; 6 = 12 um) at the terminus of a flaring, funnel-like
neck comprising no more than one-sixth total specimen length
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Figure 7. Comparison of modern testate amoebae (1-4) and VSMs from the
Neoproterozoic Urucum Formation (Jacadigo Group, Corumbd, Brazil)
(5, 6). (1, 2) Longitudinal (1) and transverse (2) views of modern Difflugia
(images: D.J.G. Lahr); (3, 4) longitudinal (3) and transverse (4) views of
modern Padaungiella (images, D.J.G. Lahr); (5, 6) longitudinal (5) and
transverse (6) views of paratypes of Limeta lageniformis n. gen. n. sp. with
shape similar to Difflugia (GP/5T-2536 C, B, respectively). Scale
bars = 20 um (1, 2), 37.5um (3), 17.5 um (4), 50 um (5), or 20 um (6).

(NL = 11-19um, x = 15um; o = 3.2pm). Body length (L
minus NL = BL), 78-124 pm (x = 99 ym; 6 = 17.5 um). Total
specimen aspect ratios (L/W) 1.2-1.7 (x = 1.4; 0 = 0.17); body
aspect ratios (BL/W) 1.1-14 (x = 1.22pum; o = 0.13 um).
Walls carbonaceous, of uniform thickness (WT = 5-6 um;
x =53um; 6 = 0.57 um).

Etymology.—After the Urucum Formation, in which it
was found.

Remarks.—Porter et al. (2003, fig. 17.1-17.3) previously dis-
tinguished an “unnamed form” in the Chuar Group, consisting
of siliceous casts of three incomplete specimens with partially
preserved funnel-like necks. The discovery of seven similar,
organically preserved forms with complete necks in the Urucum
Formation justifies the erection of this taxon to include all these
specimens.

Genus Limeta Morais, Fairchild, and Lahr, new genus
Type species.—Limeta lageniformis n. gen. n. sp., by monotypy.

Diagnosis.—As for type species, by monotypy.
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Etymology.—Limeta is Guarani (a major indigenous language
in South America) for bottle.

Remarks.—The well-developed neck occupying 20-50% of the
total specimen length differentiates this new genus and species
from other formally VSM taxa, particularly Cycliocyrillium
torquata Porter et al., 2003, whose neck does not exceed 10% of
total test length.

Limeta lageniformis Morais, Fairchild, and Lahr, new species
Figures 4.4, 6.7-6.9, 7.5, 7.6

Type material.—N = 10; Holotype GP/ST: 2529 F (Figs. 4.4, 6.9).
Paratypes (Fig. 6.7, 6.8, 7.5, 7.6) GP/5T: 2530 A, D; 2532 E; 2534
D; 2536 B, C, G, K; GP/5T: 2539 A, from the Neoproterozoic
Urucum Formation, Jacadigo Group, Corumb4, Brazil (Repository:
LPS, IGc-USP).

Diagnosis—VSMs with tests consisting of a pyriform to
subglobose body and a long neck, 20-50% the total length of the
test, with a simple terminal aperture.

Description—Total test length (L) = 100-133 um; x = 115 um;
6= 11lpum. W =53-70um, x = 63 um, ¢ = 5.6 um. Circular
aperture (AD = 12-32um, x = 21 ym; 6 = Sum) at the termi-
nus of a long, cylindrical neck (NL = 20-58 pm; x = 40 um;
6 = 13um). Body length (BL) = 56-89pum; aspect ratios
calculated for total test length (L/W) 1.5-2 (x = 1.8; 6 = 0.17),
but are considerably less (1.0-1.3) when just the body length
(BL/W) is considered. Walls carbonaceous, uniformly thick
(WT = 5-6um; x = 5.7 um; 6 = 0.58 um).

Etymology.—Lageniformis, from the Latin, lagena, bottle; and
forma, shape.

Remarks.—At least four other long-necked Neoproterozoic
microfossils have been illustrated in the paleontological litera-
ture, but none qualifies for inclusion in L. lageniformis n. gen. n.
sp. Knoll and Calder (1983, pl. 1, fig. 13) drew attention to a
“long-necked” VSM in the Ryss6 Formation, Svalbard. It is
much larger than L. lageniformis n. gen. n. sp. (L = 260 um),
but its ‘long’ neck represents less than 10% of the total test
length (NL = 19 um) and its aspect ratio is much greater (2.6).
Xiao et al. (2014, fig. 5B) recently presented a ferrous-
oxide-lined mold having a neck nearly 60% the total length of
the specimen within an assemblage of “possible vase-shaped
microfossils” from the Jiayuan Formation (lower Huaibei
Group) of China, of presumptive late Tonian (>716 Ma) age.
But it, too, is large, more than twice the length (L = 320 um) of
the largest specimen of L. lageniformis n. gen. n. sp.
(L = 133 um), and has a much squatter body (aspect ratio,
BL/W = 0.8 versus 1.0-1.3). Battison and Brasier (2012, fig. 8D)
illustrated an unnamed, similarly shaped organic-walled
microfossil of smaller size from the Torridon Group (~1 Ga),
Scotland, and pointed out its similarity to the acritarch
Germinosphaera bispinosa Butterfield, 1994, described from
the Svanbergfjellet Formation (700-750 Ma), Spitsbergen
(in Butterfield et al., 1994, fig. 16.D, 16.E, 16.G). Both
the single specimen from the Torridon Group (L = 50 pum;
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BL = 30um) and G. bispinosa (BL = 13-35um) are much
smaller than L. lageniformis n. gen. n. sp. (BL = 56-89 um).
Additionally, G. bispinosa may exhibit from one to
four extremely long unobstructed processes that are very much
narrower (3—5 um) than the neck of L. lageniformis n. gen. n.
sp. (12-32 um).

Genus Taruma Morais, Fairchild, and Lahr, new genus
Type species.—Taruma rata n. gen. n. sp., by monotypy.
Diagnosis.—As for type species, by monotypy.

Etymology.—Taruma is Guarani for an olive-shaped fruit; with
reference to the shape of the internal chamber in the holotype.

Remarks—The relatively short cylindrical body, rounded
aborally and truncated at the apertural end, distinguishes this
taxon from other VSMs.

Taruma rata Morais, Fairchild, and Lahr, new species
Figures 4.3, 6.10-6.13, 6.14?

Type material —N = 3; Holotype GP/ST 2533 B (Figs. 4.3,
6.10, 6.11); Paratype GP/5T 2538 A (Fig. 6.12, 6.13); from the
Neoproterozoic Urucum Formation, Jacadigo Group, Corumba,
Brazil (Repository: LPS, IGc-USP). The specimen in Figure
6.14 (GP/5T-2536 D) is included in this species, but with
reservations, as explained below.

Diagnosis—VSMs with nearly cylindrical test having a roun-
ded aboral end and a flat to low roof-like oral surface with a
central narrow circular aperture.

Description—Holotype (Figs. 4.3, 6.10-6.11) and paratype
(Fig. 6.12, 6.13) share the diagnostic characters of the species
and are similar in size and aperture diameter, the holotype
measuring 94 ym (L) by 65 um (W) with an aperture diameter
of 21 um, and the paratype, 91 pm by 73 um with an aperture
diameter of 17 pm, which correspond to aspect ratios of 1.4 and
1.2, respectively. The oral pole in the holotype is flat and per-
pendicular to the aboral axis and “roof-like” in the paratype due
to the abrupt inward flexure of the walls at an angle of ~45°. The
walls of both the holotype and the paratype are siliceous and are
uniformly thick in the paratype (WT = 7 um), but vary in the
holotype from 11 pm at the aboral pole to 3 um at midsection,
thickening rapidly around the ellipsoidal internal cavity at the
oral pole to 21 um as measured in the apertural plane.

In the holotype, EDS and Raman spectroscopy confirm the
presence of a thin organic coating on the inner side of
the siliceous wall. The light brown pigment that colors the
palimpsest fibrous texture lining the interior of the paratype
(Fig. 6.12) may also be carbonaceous.

Etymology.—Rata from rdtd, Guarani for hard; with reference
to the reinforced aspect of the oral region in the holotype.

Remarks.—The two specimens assigned to Taruma rata n. gen.
n. sp. conform precisely to the species diagnosis and differ from
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all previously described VSM species in these characteristics,
thereby justifying the erection of the species. The walls in both
are siliceous, which may represent secondary replacement,
although, as discussed in the next section, biomineralization
might better explain some petrographic features of the walls.
Also, the walls thicken (holotype) or bend abruptly inward
(paratype) at the oral pole greatly restricting the aperture. The
shape and slight thickening of the wall at the oral pole of a third
specimen (Fig. 6.14) are reminiscent of the holotype. However,
this specimen differs from the type material in several ways. It is
smaller (L = 70.0 um; W = 56.1 um), the oral surface is less
well defined, the aperture much larger (27.7 um), and the wall is
kerogenous and much thinner (WT = 3.6 um), especially as
measured in the apertural plane (6.5 um). Thus, the specimen is
attributed to Taruma rata n. gen. n. sp. with reservations in the
expectation that future finds will clarify its situation.

Unnamed Form
Figure 6.15, 6.16

Remarks—Among the Urucum VSMs studied in detail are
six pairs of contiguous or nearly contiguous globose tests of
unequal size, each between 50 and 100 um in diameter. All six
pairs of tests (or “doublets”) have carbonaceous walls, but silica
is associated with two pairs, including the pair shown in
Figure 6.15 and 6.16. This and four other pairs exhibit vestiges
of specimen-encompassing isopachous fringing cement.

Doublets are formed in many extant testate amoebae and
other protists (e.g., tintinnids) during asexual binary fission.
Construction of the daughter tests initiates at the aperture of the
parent cell and the two cells/tests remain attached until
cytokinesis is complete (Tappan, 1993). From the ~770-740
Ma old Uinta Mountain Group of Utah, Porter et al. (2003)
illustrated a VSM doublet of claviform tests joined at their
apertures (p. 410, fig. 2.1) that appears to represent just
this process. Preliminary three-dimensional CLSM imaging
suggests that the Urucum doublets may be similarly joined,
but the evidence is inconclusive.

Affinities of Urucum VSMs and the question of silica
biomineralization

Affinities—It is now consensus that most VSMs represent
testate amoebae (Schopf, 1992; Porter and Knoll, 2000; Porter
et al., 2003) having affinities to amoebozoan arcellinids and,
less commonly, to euglyphids of the Rhizaria. For example,
Porter et al. (2003, fig. 17.1-17.3) illustrated unnamed VSMs
having a funnel-like neck from the Chuar Group that they
compared to the modern arcellinid Microamphora pontica
Valkanov, 1970, although the possibility that these specimens
might represent fragmented doublets of a Cycliocyrillium
species was also considered. The discovery of similar Urucum
specimens that exhibit complete necks supports the comparison
with arcellinids such as M. pontica and the inclusion both of
damaged and complete forms within a distinct taxon, here
designated Palaeoamphora urucumense n. gen. n. sp.

Another Urucum VSM, Limeta lageniformis n. gen. n. sp.,
similarly invites comparison with arcellinids, specifically with
Quaternary testate amoebae such as Difflugia gassowski
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(Gassowsky, 1936), the long necks (Fig. 7.1, 7.2) of which
comprise about a third of the total body length (Ogden and
Ellison, 1988). However, modern Difflugia has an agglutinated
rather than an organic test like that of L. lageniformis n. gen. n.
sp. Other possible analogues among the arcellinids occur within
the hyalosphenid genus Padaungiella Kosakyan et al., 2012, but
the necks of such taxa are comparatively short and laterally
compressed (Fig. 7.3, 7.4) rather than being long and cylindrical
as in L. lageniformis n. gen. n. sp. (Fig. 7.5, 7.6).

Urucum VSMs are also morphologically similar to
foraminifera, rhizarian protistans (Fig. 1). In particular, the
shapes of the two species of Cycliocyrillium and of
L. lageniformis n. gen. n. sp. resemble, respectively, the
Paleozoic calcareous foraminifers Eolagena minuta Lipina,
1959 (cf., Loeblich and Tappan, 1964, p. C322, fig. 232, parts
5-7), and the internal cavity of the globular proloculus and
undivided tubular chamber of Syzrania bella Reytlinger, 1950
(cf., Loeblich and Tappan, 1988, p. 109, pl. 430.1; Fig. 6.8).
Such similarities, however, may merely represent evolutionary
convergence of body form among morphologically simple
protistans, given that the possible affinity of organic-walled
VSMs and thick-walled calcitic foraminifera is as yet
unsubstantiated.

A strong case for the affinity of the Chuar Goup VSM
Melicerion poikilon Porter et al., 2003 to alveolate euglyphids
has been put forward by Porter et al. (2003) who compared the
regular pattern of holes present in numerous fossil tests to the
points of insertion of siliceous scales in the organic test of
modern euglyphids. No isolated siliceous scales were reported.

Wall composition—A particularly notable feature of the
Urucum VSMs that sets them apart from most other occurrences
of VSMs is that the walls are preserved in practically all of the
tests. Although the great majority of the Urucum specimens
have thin carbonaceous (kerogenous) walls, silica is an impor-
tant wall component in others. Raman spectroscopy has
demonstrated that the wall of the specimen of Cycliocyrillium
simplex Porter et al., 2003, shown in Figure 5.6-5.8 is a mixture
of kerogen and silica. Petrographic microscopy shows that the
walls of the specimen of Cycliocyrillium torquata Porter et al.,
2003, shown in Figure 6.2 and 6.3, as well as the holotype and
paratype of Taruma rata n. gen. n. sp. (Fig. 6.10-6.13) are
siliceous. Silica is also a wall component of the unnamed
“doublet” of tests shown in Figure 6.15 and 6.16, an occurrence
that raises the interesting question of whether such silica repre-
sents secondary replacement or might instead evince primary
siliceous biomineralization in early protistans.

Biological use of silica is a major factor that controls
the present-day global silica cycle and occurs in diverse extant
groups, including protists (e.g., diatoms, ciliates, and testate
amoebae), metazoans (viz., sponges), and plants, such as horsetails
(Equisetum) and grasses (cf., Hodson et al., 2005; Cornelis et al.,
2013; Lahr et al., 2015). Throughout most of the Precambrian, prior
to the emergence of silica utilization by eukaryotes (Knoll, 2014),
continental erosion provided large amounts of silica to the marine
environment (Sarmiento, 2013), as evidenced by the abundance of
such abiotically precipitated siliceous rocks as banded iron
formations and, of particular paleontologic importance, by the
abundance of chert-permineralized microbiotas in Precambrian
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carbonate paleoenvironments (Maliva et al., 1989; Siever, 1992;
Knoll, 2000). Thus, dissolved silica was evidently available
throughout early Earth history for its eventual use by early
protistans.

Indeed, members of the Arcellinida and Euglyphida are
among the most abundant silica-using protistans in present-day
ecosystems (Cary et al., 2005; Wilkinson and Mitchell, 2010;
Puppe et al., 2014; Lahr et al., 2015). Modern arcellinids exhibit
three processes for the incorporation of silica into their tests:
(1) by ingesting grains of quartz and/or phyllosilicates and
agglutinating them into their tests, a mechanism characteristic
of Diffugia Leclerc, 1815 (Chatelet et al., 2013); (2) via
biomineralization of amorphous silica into test-encompassing
scales, such as occurs in Quadrulella (Kosakyan et al., 2012);
and (3) by kleptosquamy, in which siliceous scales previously
produced by other testate amoebae are acquired by predation
and reutilized (Lahr et al., 2015). Euglyphids are capable of
depositing amorphous silica on their cellular membranes (Puppe
et al., 2014). Although the oldest unambiguous fossils of this
group date from the Paleogene, some 30-50 Ma ago (Barber
et al., 2013), it is pertinent to note that Porter et al. (2003)
interpreted the ~742 Ma old Chuar VSM Melicerion
poikilon Porter, Meisterfeld, and Knoll, 2003, as possibly a
siliceous-scaled euglyphid. Given these data, it seems plausible
that silica biomineralization may have occurred in protistan
lineages at least as early as the late Tonian of the Neoproterozoic
when the Chuar Group VSMs were preserved.

Secondary replacement is an alternative interpretation to
biomineralization as the process responsible for the presence of
silica in the walls of the Urucum VSMs. Intrinsic controls on
siliceous replacement of such walls include their original
composition, the concentration of organic matter within them,
and the skeletal ultrastructure of the fossil. Among the external
controls of such silicification are the availability of silica, the
chemistry of the depositional and/or early diagenetic setting
and permeating pore-waters, and post-depositional diagenetic
changes of the texture and composition of the fossil-hosting rocks
(Butts, 2014). Secondary silicification of microfossils involves
partial to complete replacement of the material making up the
original structural components, which in the case of VSMs would
be their original test walls. For calcareous skeletal elements, this
process consists of dissolution of calcium carbonate and
subsequent precipitation of silica, promoted by the differing
pH-related solubilities of CaCO5 and SiO, and the propensity of
dissolved silica to nucleate on degraded organic matter (Butts
and Briggs, 2011; Butts, 2014). Primary features of walls are
generally better preserved if they are permineralized in
cryptocrystalline to microcrystalline quartz, as commonly occurs
during early diagenetic silicification (cf., Calca and Fairchild,
2012) rather than by mold-filling mosaics of megaquartz, as
commonly occurs during late-diagenetic replacement (Butts and
Briggs, 2011).

Did the Urucum VSMs exhibit original silica biominera-
lization or were they secondarily replaced? A detailed petrographic
study of the VSMs is underway, but a few preliminary petrographic
observations regarding the Urucum siliceous-walled specimens
and the doublet (the “Unnamed form™) shown in Figure 6 are
pertinent. First, silica in the doublet (Fig. 6.15, 6.16) appears more
likely to have partially filled rather than to have replaced the test at
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the right of the specimen and to cut the test at its left, which is
consistent with secondary silicification. Second, the entirely
siliceous wall of Cycliocyrillium torquata Porter et al., 2003
(Fig. 6.2, 6.3) consists of a single quartz crystal (apparently
exhibiting undulatory extinction) and lacks preserved relict wall
substructure, which is an observation similarly consistent with
secondary silicification. Third, the walls of the type specimen of
Taruma rata n. gen. n. sp. (Fig. 6.10-6.13) also consist of quartz as
in that of C. forquata, although the size of the quartz crystals is
difficult to discern. Authigenic quartz is present within the same
fields of view for both the holotype (Fig. 6.11) and the paratype
(Fig. 6.13) of T. rata n. gen. n. sp., indicating that siliceous
replacement of carbonate and other minerals locally affected the
dolostone matrix.

Based on these observations, secondary replacement by
quartz of the originally organic walls of the Urucum VSMs
seems plausible. However, because only a small minority
of the Urucum VSMs has siliceous walls and because such
specimens are limited to three of the five taxa here described
(two species of Cycliocyrillium Porter, Meisterfeld, and Knoll,
2003 and Taruma rata n. gen. n. sp.) and the unnamed
doublets, it would appear secondary silicification was not a
selective process.

Nevertheless, secondary silicification is not an entirely
satisfactory explanation for all Urucum specimens. For example,
were this to have occurred for Cycliocyrillium torquata Porter
et al., 2003 (Fig. 6.2, 6.3), silica-substitution would have to have
been a substrate-specific process that affected only the original wall
of the tests without distorting or disrupting them or altering the
adjacent carbonate, including the delicate early diagenetic cement
that coats the original wall both inside and out. In this regard,
it is significant that the holotype of Taruma rata n. gen. n. sp,
(Fig. 6.10) is encased by an external coating of mosaic dolomite
substituting an early diagenetic cement. The thin carbonaceous
film that coats the inner side of its wall, evidently delimiting the
ellipsoidal internal chamber of the test, quite plausibly represents a
relict of the originally carbonaceous wall internal to an originally
inorganic thick outer wall that was preferentially replaced by quartz
(Figs. 5.7, 6.11). The paratype of this taxon is surrounded by
mosaic dolomite, but exhibits a clearly defined internal rind of
fibrous carbonate (Fig. 6.12, 6.13) that, as in C. forquata (Fig. 6.2),
was not disrupted when its wall was presumably replaced by
quartz.

Although much evidence points to secondary siliceous
replacement of the original organic walls of Urucum VSMs, the
foregoing considerations raise two fundamental questions: (1) what
was the original composition of the replaced walls, and (2) how
were they replaced without altering delicate features in their
immediate vicinity?

As an example, what might have been the original
composition of the robust walls of Taruma rata n. gen. n. sp.?
The simplest explanation would be that like nearly all other
Urucum VSMs, they too were originally carbonaceous. If so,
their voluminous walls would have offered many more sites for
silica nucleation (Maliva and Siever, 1988) than the thinner-
walled VSMs, resulting in their preferential silicification.
However, it is also possible that the thick walls of T. rata n.
gen. n. sp. were originally a mixture of organic matter and silica,
as is shown in Figure 5.6-5.8 for a specimen of C. simplex
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Porter, Meisterfeld, and Knoll, 2003. Were this the case,
secondary siliceous replacement might have been favored both
by the quantity of degraded organic matter in the thick walls, as
suggested above, and by the additional sites for silica nucleation
afforded by the fine-grained silica present within the walls. This
possibility would require that the silica in the mixed
carbonaceous-siliceous wall be primary in origin rather than a
product of secondary replacement.

Although it seems unlikely, it is also possible that the thick
wall of Taruma rata n. gen. n. sp. was originally inorganic, perhaps
being calcareous or composed of cryptocrystalline chalcedony or
amorphous opaline silica. If originally calcareous, the wall as
preserved would have to have been subsequently replaced by
quartz. However, if originally composed of very fine-grained silica,
the preserved wall would more likely have been recrystallized
rather than silica-replaced, a mode of preservation that might
explain how it attained its quartzose composition without alteration
of its shape and thickness or dissolution of its encompassing
dolomitized rind of early diagenetic fibrous cement. Interestingly,
both these possibilities would require the occurrence of biominer-
alization, for which at present there is no definitive evidence.
It nevertheless remains conceivable that further detailed study of
the siliceous walls of Taruma rata (e.g., Fig. 6.11, 6.13) might
reveal textural evidence, such as the occurrence of carbonate
inclusions or relict ultrastructure, indicative of biomineralization
that, were it to be substantiated, would be unlikely to have resulted
from either silica-agglutination or kleptosquamy, processes that
both give rise to irregular test surfaces (Fig. 7.1).

A final question to be considered is “why are organic walls
preserved in almost all Urucum VSMs when they are so rarely
known in other occurrences of VSMs?” On the basis of the
evidence available, we suggest that the answer lies in their
encasement during very early diagenesis by a rind of isopachous
carbonate cement, which we interpret to have been fundamental
to impeding significant subsequent diagenetic degradation (cf.,
Butts and Briggs, 2011).

Conclusions

Vase-shaped microfossils of the Neoproterozoic Urucum Forma-
tion (Jacadigo Group, west-central Brazil) are diverse and exhibit
well-preserved walls, providing insight into the biological affinity
and evolutionary status of this evidently early originating group of
protozoans. Fibrous carbonate cement entombed the tests during
early diagenesis, conserving their shape and preserving evidence
of their original organic and organo-siliceous compositions.
Secondary silica evidently replaced some tests, the occurrence of
which does not exclude the possibility of some Urucum VSMs
being originally biomineralized. In conjunction with previously
described VSMs, the Urucum specimens substantiate the global
distribution, early diversification, and abundance of arcellinid
testate amoebae in Neoproterozoic oceans.
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