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A B S T R A C T

Ichnology is an important tool for facies and sequence stratigraphic analysis, typically yielding greater resolution
than that provided by body fossils. Less commonly, ichnofossils also can be applied to ichnostratigraphy, a
variant of biostratigraphy that aids in determining stratigraphic age of sedimentary sequences. Previous pub-
lications on the Furnas Formation (Paraná Group, early Paleozoic of the Paraná Basin), have yielded different
interpretations of age, depositional environment, and sequence stratigraphic framework. Deposition in fluvial
environments has been proposed in many papers, although a tide-influenced marine context has been inferred
since the presence of Cruziana and Rusophycus was reported during the 1990s. Sequence stratigraphic inter-
pretations also differ, mainly regarding the presence or absence of a sequence boundary between the middle and
upper units of the Furnas Formation. The absence of body fossils in all but the topmost part of the upper unit,
which contains Lochkovian (Lower Devonian) palynomorphs and primitive plants, has precluded age determi-
nation for the Furnas Formation in general. Here, we demonstrate the utility of both ichnofacies and ichnos-
tratigraphic analysis to elucidate such questions. The studied sections are located in the cities of Tibagi, Palmeira
and Ponta Grossa (Guartelá, Sítio Canei and São Jorge sections, respectively). Seventeen ichnotaxa are re-
cognized, doubling the number of previously known ichnotaxa: Cruziana acacensis elongata and Rusophycus
acacensis n. ichnosp. (in the lower and middle units); Arthrophycus alleghaniensis, A. brongniartii, Rhizocorallium
commune, Didymaulyponomos rowei and Heimdallia chatwini (middle unit only); Arenicolites, Cylindrichnus and
Diplocraterion (lower and upper units); Lockeia siliquaria and Psammichnites implexus (middle and upper units);
Rosselia socialis (upper unit); and Palaeophycus tubularis, Didymaulichnus lyelli, Skolithos, and Thalassinoides (all
units). Assemblages of these ichnofossils are assigned to Skolithos and proximal Cruziana ichnofacies. Ichnologic
data, combined with associated physical sedimentary facies associations, indicate predominantly tide-influenced
marine depositional environments. The presence of ichnotaxa of stratigraphic value (Arthrophycus alleghaniensis,
A. brongniartii and Cruziana acacensis elongata) in lower and middle units indicates an Early Silurian age. This, in
turn, indicates that a significant unconformity exists between the middle and upper units of Furnas Formation.
Although the precise magnitude of this stratigraphic gap is difficult to establish, this break likely is linked to the
Late Silurian global regression.

1. Introduction

Ichnology has a broad range of applications in sedimentary geology.
Ichnofossils reflect aspects of organism behavior that are responses to
physical and chemical conditions in their respective depositional en-
vironments. Hence, in conjunction with physical sedimentologic evi-
dence, ichnofossils are important tools for facies analysis (Pemberton

and Frey, 1984; Bottjer et al., 1988; Savrda and Bottjer, 1986; Ekdale
and Lewis, 1991; Leszczyński et al., 1996; Mángano et al., 1998; Netto
et al., 2009, 2014; Srivastava and Mankar, 2012; Mude et al., 2012;
Plotnick, 2012), typically yielding greater resolution than that provided
by body fossils, including palynofossils and foraminifera (MacEachern
et al., 1999).

Ichnofossils are also applied effectively in sequence stratigraphic
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analyses. Key sequence stratigraphic surfaces (e.g., sequence bound-
aries, transgressive surfaces) are frequently marked by substrate-con-
trolled ichnofossil assemblages (e.g., Glossifungites Ichnofacies; Savrda,
1991a; MacEachern et al., 1992; Pemberton et al., 2000; Buatois and
Encinas, 2006; Rodríguez-Tovar et al., 2006; Abdel-Fattah et al., 2016),
and vertical changes in ichnofossil assemblages can be used to re-
cognize the signal of sea-level change (e.g., shallowing-upward patterns
manifested in parasequences; Savrda, 1991b, 1995; Brett, 1998;
Fielding et al., 2006; Rodríguez-Tovar et al., 2010; Paranjape et al.,
2014).

Less commonly appreciated among sedimentary geologists, except
perhaps those working mainly in the Paleozoic, is the potential use of
trace fossils in ichnostratigraphy, a variant of biostratigraphy that aids
in determining stratigraphic age of sedimentary sequences (Crimes,
1969, 1970, 1975; Seilacher, 1970, 1992, 1994, 1996, 2000, 2007;
Rindsberg and Martin, 2003; Baldwin and Strother, 2004; Mángano
et al., 2001; Mángano and Buatois, 2003; Mángano and Droser, 2004;
Mángano et al., 2005; Brandt et al., 2010).

The lower Paleozoic siliciclastic Furnas Formation of the Paraná
Group in the Paraná Basin of southern Brazil, has been the subject of
numerous publications that have yielded conflicting interpretations of
depositional environment, age, and sequence stratigraphic framework.
In this paper, we use both ichnofacies analysis and ichnostratigraphy to
assert a dominant marine environment during deposition and an Early
Silurian age for the lower and middle portions of the Furnas Formation.
These results indicate the existence of an unconformity within the
Furnas succession, which has profound implications for the stratigraphy
of the Paraná Basin and for paleogeography of Gondwana during the
early Paleozoic.

2. Lower Paleozoic stratigraphy

Lower Paleozoic strata in the Paraná Basin of southern Brazil
(Fig. 1) have been grouped into the Ordovician-Silurian Rio Ivaí Group
and Devonian Paraná Group (Assine et al., 1994; Assine, 1996), also
referred as supersequences (Milani et al., 2007). The Rio Ivaí Group
records deposition in fluvial to shallow marine environments (Alto
Garças Formation), glacial-marine settings (Iapó Formation), and off-
shore marine realms (Vila Maria Formation) (Assine et al., 1998a,
1998b). Palynomorphs and marine macroinvertebrate body fossils in-
dicate a Late Ordovician to Early Silurian (early Llandovery) age for the
Iapó and Vila Maria formations (Assine et al., 1994; Popp et al., 1981;
Burjack and Popp, 1981; Faria, 1982; Gray et al., 1985; Rodrigues et al.,
1989; Borghi et al., 1996; Adôrno et al., 2016).

The overlying Paraná Group comprises the Furnas and the Ponta
Grossa formations, the later subdivided into three members, from base
to top: Jaguariaíva, Tibagi and São Domingos (Lange and Petri, 1967).
The Ponta Grossa Formation is very fossiliferous and a Devonian age
has been assigned based on macrofossils (brachiopods, trilobites and
plants) and palynomorphs (Grahn, 1992 and Grahn et al., 2010, 2013).
Paleoenvironments include inner to outer shelf marine settings (Clarke,
1913; Lange and Petri, 1967; Melo, 1988; Grahn, 1992; Rodrigues et al.,
2003; Bosetti et al., 2011, 2013; Grahn et al., 2013; Horodyski et al.,
2014; Matsumura et al., 2015; Sedorko et al., 2017). The Tibagi
Member records a progradational event between the Emsian and Eife-
lian maximum-flooding surfaces (Assine et al., 1998c).

The Furnas Formation, subject of this research, is a very uniform
unit in terms of stratigraphic stacking and thickness. The absence of
body fossils and the dominance of cross-bed sets were strong arguments
to interpret the Furnas sandstones as products of deposition in fluvial
braided systems (Northfleet et al., 1969; Schneider et al., 1974; Popp
and Barcellos-Popp, 1986; Melo, 1988; Zalán et al., 1987; Rodrigues
et al., 1989; Coimbra et al., 1995; Pereira and Bergamaschi, 1996;
Pereira et al., 1998). The unit also has been interpreted as shallow
marine (Maack, 1946, 1947; Petri, 1948; Almeida, 1954; Sanford and
Lange, 1960; Bigarella et al., 1966; Lange and Petri, 1967; Bigarella and

Salamuni, 1967; Petri and Fúlfaro, 1983; Bigarella, 1973; Borghi, 1993;
Assine, 1996; Bergamaschi, 1999) based on wide geographic distribu-
tion and lithologic uniformity.

A tide-dominated shallow marine environment was interpreted for
most of the Furnas succession by Assine (1999) based on the presence of
tide-dominated facies associations, numerous levels of conglomerate
lag deposits on ravinement surfaces, and many pavements with trace
fossils, including Cruziana and Rusophycus. Marine ichnofacies were
confirmed by later investigations (Fernandes et al., 2000; Netto et al.,
2012, 2014). Supported by a detailed stratigraphic and sedimentologic
approach, Assine (1999) recognized three distinct successive facies as-
sociations and subdivided the Furnas Formation into three informal
units (lower, middle and upper).

Fossils from primitive plant Cooksonia (Rodrigues et al., 1989;
Mussa et al., 1996; Gerrienne et al., 2001) and palynomorphs (Grahn
et al., 2010) were found in the upper unit, 20–30 m below the contact
with the overlying Ponta Grossa Formation, and attest to an Early De-
vonian age (late Lochkovian) for the uppermost section of the Furnas
Formation. However, the age of the lower and middle units remains
uncertain because no body fossils or microfossils have been found
therein, and different ages have been assumed for those strata; e.g., Late
Silurian to Lochkovian (Assine, 1999), Late Silurian (Borghi, 1993) or
even Early Silurian (Zalán et al., 1987).

This uncertainty makes it difficult to establish a reliable strati-
graphic framework for the Silurian-Devonian sequences of the Paraná
Basin (Fig. 1B). Understanding stratigraphic cycles and basin evolution
is problematic because different stratigraphic proposals involve age
ambiguity and disparate views concerning key surfaces (e.g., presence
or absence of unconformities). For example, the entire succession of the
Furnas Formation has been considered by some as a single depositional
sequence (Bergamaschi, 1999; Grahn et al., 2013), while others split the
Furnas into two depositional sequences based on the sharp basal con-
tact between the middle and upper units (Assine, 1996, 1999).

3. Location, material, and methods

Considering the importance of trace fossils to elucidate the above-
mentioned questions and uncertainties, we performed an integrated
ichnologic and sedimentologic analysis in the Devonian beds exposed in
the State of Paraná, southern Brazil. Our studies of the Furnas
Formation focused on well-exposed sections at four localities (Fig. 1A),
although other localities also were prospected. Data were collected
directly in the field, along with samples for further laboratory analysis.
Ichnofossils were described in association with sediment textures,
physical sedimentary structures and facies geometry for facies analysis.
Ichnologic analyses included identification of recurring trace fossils, to
the maximum extent possible at the ichnospecies level; and quantifi-
cation of degree of the bioturbation based on the scheme proposed by
Reineck (1963; bioturbation scale, BS, ranging from 0 = no bioturba-
tion through 6 = complete biogenic destruction of primary sedimen-
tary fabric). Collected samples are deposited in the collections of the
Museu da História Geológica do Rio Grande do Sul (Unisinos Uni-
versity) with the numbers ULVG-12017, ULVG-12018, ULVG-12019
and ULVG- 21020. The holotype of Rusophycus acacencis n. ichnosp. is
deposited as a photo, with the number ULVG-12261a, which includes
the paratypes ULVG-12261b and ULVG-12261c.

Ichnotaxa are described in alphabetical order. Trace fossil descrip-
tions were based only on field observations, except for Arthrophycus
alleghaniensis, specimens of which were also examined in detail in the
laboratory (samples ULVG-12017, ULVG-12018, ULVG-12019 and
ULVG-12020). Trace fossils originally described as Furnaisichnus langei
Borghi and Fernandes, 2001 were here included in Didymaulyponomos
rowei. The trace fossil Rusophycus acacensis n. ichnosp. were also de-
scribed, considering that no formal description of these structures has
previously been provided in the trace fossil literature. Systematic de-
scriptions of both latter ichnospecies are presented in Appendix A.
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4. Ichnofossil and ichnofacies of Furnas Formation

Seventeen ichnotaxa are recognized in the Furnas Formation in the
Campos Gerais region, most of them at the ichnospecies level.
Associations of two or more ichnospecies in the same bed are common,
and some transitional and compound forms locally occur. Recurring
assemblages of these ichnotaxa led to the identification of two ichno-
facies – Skolithos and proximal Cruziana ichnofacies.

4.1. Trace fossil descriptions

4.1.1. Arenicolites isp. Salter, 1857 (Fig. 2A)
Simple, vertical to oblique, U-shaped, unlined, unbranched burrows.

Arenicolites is manifested on bedding planes as two circular apertures
and in cross section by parallel U-limbs with no evidence of a spreite.
Burrow diameter and limb separation range from 4 to 12 mm and 15 to
45 mm, respectively. Arenicolites generally is interpreted as a dwelling
structure of filter-, suspension- or deposit-feeding organisms, mainly
polychaetes, but also crustaceans and insects (Bromley, 1996).

4.1.2. Arthrophycus alleghaniensis Harlan, 1831 (Fig. 2B–D)
Gently recurved, horizontal to slightly inclined, regularly annulated

burrows with nearly circular to square cross sections, compacted walls,
and fills similar to the host sediment. Apparent lateral branches radiate
on both sides of the main axis. In cross section, these palmate structures
appear as vertical stacks of crescentic backfill lamellae (i.e., as retrusive

spreite structures; Fig. 2B, C). Annulae are pronounced on bottoms of
burrows and less discrete on tops. Burrow diameters range from 5 to
15 mm, with an average of 10 mm.

Arthrophycus alleghaniensis was previously reported by Fernandes
et al. (2000) from the Sítio Canei section. However, when Neto de
Carvalho et al. (2002) commented on this occurrence, they referred to
these traces as Arthrophycus lateralis, which differs from A. alleghaniensis
in several aspects. In A. lateralis, branches are preferentially arranged to
one side of the main axis, crescentic backfill lamellae are horizontal
rather than vertical, and the spreiten are protrusive rather than retrusive
(Seilacher, 2007). Seitz (2010) noted that specimens illustrated and
described by Fernandes et al. (2000) correspond to A. alleghaniensis,
which is supported by the current study. Arthrophycus reflects detritus-
feeding activity of worm-like organisms or arthropods (Seilacher, 2000;
Rindsberg and Martin, 2003; Brandt et al., 2012). McCoy et al. (2012)
described a fossil arthropod, Pleuralata spinosa, associated with A. al-
leghaniensis, suggesting that the tracemakers of some ichnospecies of
Arthrophycus could belong to a group of protostome animals known as
Ecdysozoa.

4.1.3. Arthrophycus brongniartii Harlan, 1832 (Fig. 2E)
Horizontal, straight to sinuous burrows with regularly spaced ex-

ternal lower surface annulae along the main axis and fills similar to the
host sediment. Burrows locally exhibit false branching. The specimens
found in the deposits of Furnas Formation are preserved in full relief but
locally are exposed on bedding-parallel surfaces (Fig. 2E). Burrow axes

Fig. 1. Location map and stratigraphic context of the study area in Paraná Basin. A. Geological map of Paraná Supersequence in Campos Gerais region, Paraná State, Brazil. Yellow stars
numbered 1 through 4 indicate locations of the Guartelá, Sítio Canei, PR340-km 264.5, and São Jorge–Alagados sections, respectively. B. Lithostratigraphy, paleoenvironmental in-
terpretation (based on Lange and Petri, 1967; and Assine et al., 1994), and depositional sequences proposed by Assine (1996) and Bergamaschi (1999). (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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exhibit abrupt turns with no evidence of parallelism (sensu Rindsberg
and Martin, 2003). This ichnospecies differs from A. alleghaniensis and
A. lateralis mainly by the absence of prominent branching. Although A.
brongniartii is similar in general character to A. minimus, the latter

ichnotaxon has less pronounced annulae and is smaller (Mángano et al.,
2005). A. parallelus is characterized by parallel arrangement of traces,
which is absent in our occurrences.

Fig. 2. Trace fossils from Furnas Formation. A. Arenicolites isp. (Ar) on upper bedding-plane surface. B. Arthrophycus alleghaniensis (Aa) preserved as convex hyporeliefs on sandstone sole.
C. Photo as in B with overlay sketch of retrusive spreite. D. Sample ULVG-12017 with A. alleghaniensis in convex hyporelief showing palmate pattern. E. Arthrophycus brongniartii (Ab) with
abrupt turn preserved in full relief along a bedding-parallel surface. F. Holotype of Rusophycus acacensis (Ru) in concave epirelief (ULVG-12261a). G. Close-up of compound Rusophycus
acacensis–Cruziana acacensis elongata in concave epirelief exhibiting longitudinal scratches. H. Sketch of G highlighting scratch pattern. I. Cruziana acacensis elongata (Cr) in convex
hyporelief. This specimen was identified as “Rusophycus ichnosp. 2” by Fernandes (1996; Fig. 41A). J. Detail of scratches in Rusophycus acacensis and Cruziana acacensis elongata. Box
indicates location of photo in G. K. Drawing of traces in J highlighting the scratch pattern. Box indicates drawing in H. L. Sketch of I highlighting scratch pattern. Scale bars = 2 cm.
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4.1.4. Cruziana acacensis elongata Seilacher, 2007 (Fig. 2F–I)
Elongate, bilobate symmetric burrows with medial ridges marked

by transverse to longitudinal scratches. These bilobed traces are pre-
served in concave epirelief. Furrows exhibit a discrete median ridge (2
to 5 mm wide) with scratches, which occur in sets of five (Fig. 2H–I).
The traces are typically 5–9 cm long, but some reach 16 cm. These
structures are aligned with Cruziana acacensis elongata based on their
straight axes and length/width ratios of ~3 (Seilacher, 2007). Seilacher
(2007, p. 198) identified this ichnosubspecies in the Furnas Formation
and noted that the same tracemaker made both Cruziana and short
rusophyciform burrows (compound trace fossils), identified as Ruso-
phycus cf. acacensis by Netto et al. (2014) (Fig. 2F, G).

The tracemakers of both Cruziana and Rusophycus are bilaterally
symmetrical organisms, most probably arthropods (Donovan, 2010).
These ichnogenera have been reported in Triassic continental deposits
(Bromley and Asgaard, 1979; Zonneveld et al., 2002). However, in the
Paleozoic record, they occur exclusively in marine deposits. With the
exception of Cruziana problematica and Rusophycus carbonarius, Paleo-
zoic Cruziana and Rusophycus are generally attributed to trilobites
(Goldring, 1985; Fortey and Seilacher, 1997).

4.1.5. Cylindrichnus isp. Toots in Howard, 1966 (Fig. 3A)
Concentrically laminated, vertical burrows filled with sediments

similar to the host sediment. Specimens, observed only on bedding
planes, range from 6 to 15 mm in diameter. Cylindrichnus is interpreted
as a permanent dwelling structure of suspension-feeding organisms
(Frey and Howard, 1990). This ichnogenus is common in shoreface to
offshore environments, and, thus, represents a common component of
the Skolithos and Cruziana ichnofacies (Frey and Howard, 1985;
Vossler and Pemberton, 1989).

4.1.6. Didymaulichnus lyelli Rouault, 1850 (Fig. 3B–C)
Unbranched, unornamented, smooth-walled, bilobed trails with a

narrow median groove (in hyporelief) or crest (in epirelief).
Didymaulichnus lyelli occurs mainly in Paleozoic strata and is a common
facies-crossing trace fossil (Fillion and Pickerill, 1990), possibly pro-
duced by mollusks (mainly gastropods; Glaessner, 1969; Hakes, 1976)
or trilobites (Crimes, 1970; Bradshaw, 1981).

Fig. 3. Trace fossils from Furnas Formation. A. Cylindrichnus isp. (Cy) in bedding-plane view. B–C. Didymaulichnus lyelli (Dl) preserved in concave epirelief; D. Didymaulyponomos rowei
(Dr) cross-cutting Palaeophycus (Pa) and another D. rowei. E. Diplocraterion isp. (Di) in bedding-plane view. F. Heimdallia chatwini (Hc) in bedding-plane view. G. Lockeia siliquaria (Ls) in
full relief. H. Palaeophycus tubularis (Pt) preserved in full relief in bedding-plane view. I. Bedding-oblique view of Skolithos isp. (Sk) preserved in full relief. J. Meandering Psammichnites
implexus (Pi) preserved in convex epirelief. K. Rhizocorallium commune (Rc) preserved in convex epirelief. L. Rosselia socialis (Rs) in cross section. M. Thalassinoides isp. (Th) preserved in
full relief in bedding-plane view. Scale bars = 2 cm.
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4.1.7. Didymaulyponomos rowei Bradshaw, 1981 (Fig. 3D; see Appendix
A)

These structures appear as horizontal, straight to sinuous, un-
branched, and unornamented endichnial burrows with median furrows
in their lower parts. Fills are structureless and similar or locally finer
than surrounding sediment. Specimens are generally equidimensional
with respect to width and height (10 to 15 mm) and may exceed 1 m in
length.

Bradshaw (1981) argued that Didymaulyponomos represents feeding
or dwelling activity of arthropods below the sediment surface. Trewin
and MacNamara (1994) observed that Didymaulichnus is quite similar to
the bottom half of a Didymaulyponomos burrow and suggested that an
erosional event may be involved in Didymaulichnus preservation. De-
spite these similarities, both ichnogenera names remain valid. Buatois
et al. (2017) placed this trace into their architectural design category
“passively filled horizontal burrows”, similar to Palaeophycus. Coin-
cidentally, occurrences of D. rowei in the Furnas Formation are asso-
ciated with Palaeophycus.

4.1.8. Diplocraterion isp. Torell, 1870 (Fig. 3E)
Vertical U-shaped, unbranched burrows with spreiten; fills are si-

milar to the host sediment. Diplocraterion was seen only on bedding
planes, permitting identification only at the ichnogenus level.
Specimens appear as paired apertures linked by a protrusive spreite;
apertures are normally 5–15 mm in diameter, and spaced between 25
and 50 mm apart. This ichnogenus represents the dwelling structure of
suspension- or detritus-feeding organisms, possibly crustaceans or
polychaetes (Turner et al., 1981; Bromley, 1996; Savrda and Nanson,
2003; Goldring et al., 2005; Seilacher, 2007).

4.1.9. Heimdallia chatwini Bradshaw, 1981 (Fig. 3F)
Vertical spreite-bearing burrows that appear in bedding-plane view

as unbranched ribbons formed of vertical or inclined packets of sedi-
ment. This trace fossil was seen mainly in bedding-plane view; vertical
spreiten are only locally exposed. Packets of sediment resulted from the
progressive lateral migration of the tracemaker. Bradshaw (1981)
proposed that Heimdallia may reflect the activity of a crustacean-like
animal in search of food.

4.1.10. Lockeia siliquaria James, 1879 (Fig. 3G)
Almond-shaped, unornamented burrows with fills similar to host

sediment. L. siliquaria includes most of isolated almond-shaped traces
(Seilacher and Seilacher, 1994). L. cordata differs from L. siliquaria by
having larger and rounder shape (Rindsberg, 1994). Lockeia is inter-
preted as a resting trace produced by bivalve mollusks (Osgood, 1970).

4.1.11. Palaeophycus tubularis Hall, 1847 (Fig. 3H)
Thinly lined, horizontal to slightly inclined, unbranched, straight to

slightly curved cylindrical burrows with structureless fills similar to the
matrix. Palaeophycus tubularis differs from P. heberti by having a thinner
wall and from other ichnospecies (P. striatus, P. sulcatus, and P. alter-
natus) by the absence of striae (Pemberton and Frey, 1982). Rindsberg
(2012) demonstrated that P. alternatus and P. striatus may be variants of
the same structure, and additional studies are necessary to solve those
ichnotaxonomic problems. This ichnogenus is considered to be a
dwelling structure produced by suspension-feeding or predaceous or-
ganisms, possibly polychaetes. Glycera (a glycerid polychaete) was
suggested as one potential tracemaker (Pemberton and Frey, 1982;
Fillion and Pickerill, 1990).

4.1.12. Psammichnites implexus Rindsberg, 1994 (Fig. 3J)
Straight to meandering, horizontal, flat trace with subtriangular to

elliptical cross-section, faint meniscate backfill and a dorsal ridge pre-
served as a groove. The bottom of the trace may be unilobed or bilobed.
Burrow width is nearly constant (normally 22 to 28 mm, although
forms 10 mm wide are also present), but increases slightly in turns

(Fig. 3J), particularly where burrows exhibit phobotactic tendencies
similar to those observed by Mángano et al. (2003). Despite phobotactic
tendencies, crosscutting is relatively common. Psammichnites is attrib-
uted to feeding activities of vagile infaunal animals, probably gastro-
pods or other organisms with a siphon device (Seilacher, 1997).

4.1.13. Rhizocorallium commune Schmid, 1876 (Fig. 3K)
Horizontal, straight to sinuous, unornamented, unbranched, U-

shaped burrows with protrusive spreite. Rhizocorallium commune differs
from firmground R. jenense by the presence of unornamented walls and
an actively filled spreite (Knaust, 2013). R. commune is attributed to
suspension- or deposit-feeding activity, probably by polychaetes or
crustaceans (Knaust, 2013).

4.1.14. Rosselia socialis Dahmer, 1937 (Fig. 3L)
Vertical to inclined, spindle- to funnel-shaped structures with con-

centrically laminated fine-grained walls surrounding a central shaft. In
some levels, Rosselia occurs in dense concentrations (i.e., the crowded
Rosselia ichnofabric of Netto et al., 2014). Nara (1995) described two
forms of R. socialis. Spindle-shaped forms are the norm, while truncated
funnel-shaped forms predominate below erosional surfaces. Rosselia is
attributed to dwelling or feeding activity of suspension- or detritus-
feeding worms, probably terebellid polychaetes (Nara, 1995).

4.1.15. Rusophycus acacensis n. ichnosp. (Fig. 2F–I; Appendix A)
Bilobed ovate, symmetrical traces preserved in concave epirelief.

Specimens are between 15 and 25 mm wide and 20 to 55 mm long, with
a length/width ratio of 3. Furrows exhibit a distinct medial ridge, lo-
cally with scratches, and occur either in association with or forming
compound trace fossils with Cruziana acacensis elongata. Paleozoic
Rusophycus is generally attributed to trilobite activity, probably re-
flecting resting behavior (Seilacher, 2007).

4.1.16. Skolithos isp. Haldeman, 1840 (Fig. 3I)
Vertical to slightly inclined, cylindrical or subcylindrical, unlined,

unbranched burrows with fills similar to the host sediment.
Occurrences of Skolithos in Furnas Formation are poor preserved or
limited to simple apertures on bedding-plane surfaces, precluding
identification at the ichnospecific level. Skolithos is commonly produced
by worm-like organisms, possibly polychaetes (Seilacher, 1967;
Pemberton and Jones, 1988; Herringshaw et al., 2010).

4.1.17. Thalassinoides isp. Ehrenberg, 1944 (Fig. 3M)
Branched systems of cylindrical, smooth-walled, straight to slightly

curved, unlined burrows with enlarged branch junctions and fills si-
milar to host sediment. Burrow diameters average ~30 mm. This ich-
nogenus is normally attributed to dwelling and feeding activities of
decapod crustaceans. However, these burrows also may have been
produced by worm-like organisms or small crustaceans during the
Paleozoic, as suggested by Myrow (1995).

4.2. Ichnofacies

Based on recurring trace fossil associations, two ichnofacies can be
identified in the Furnas Formation: the Skolithos Ichnofacies and
proximal Cruziana Ichnofacies.

Trace fossil associations assigned to the Skolithos Ichnofacies are
dominated by vertical traces, mainly Skolithos, Arenicolites,
Diplocraterion and Cylindrichnus, although Palaeophycus tubularis and
Thalassinoides are present locally. This ichnofacies records preferential
colonization by suspension feeders in relatively high-energy settings
(e.g., Frey, 1990). Trace fossil associations assigned to the proximal
Cruziana Ichnofacies are dominated by epigenic and mainly horizontal
endogenic structures produced chiefly by deposit feeders. Intervals in
the Furnas Formation characterized by this ichnofacies contain one or
more (as many as six) of the following ichnotaxa: Didymaulyponomos
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rowei, Heimdallia chatwini, Arthrophycus brongniartii, A. alleghaniensis,
Rhizocorallium commune, Palaeophycus tubularis, Thalassinoides, Rosselia
socialis, Didymaulichnus lyelli, Psammichnites implexus, Cruziana acacensis
elongata, Rusophycus acacensis, and Lockeia siliquaria. Taken together,
these trace fossil assemblages reflect deposition in overall compara-
tively low-energy environments. However, localized co-occurrences of
Skolithos indicate at least periodically enhanced bottom currents, and
rare intervals containing stacked Rosselia (see below) reflect episodic
rapid deposition.

5. Integrated sedimentology and ichnology

Based on detailed field descriptions of rocks, textures, geometry,
and physical sedimentary structures, ten lithofacies were recognized in
the Furnas Formation exposed at the four study localities (Table 1). The
stratigraphic distributions of lithofacies and associated trace fossils
through the Furnas Formation at each of the study localities are shown
in Fig. 5.

5.1. Lower unit

The lower Furnas Formation is exposed at all localities except the
PR 340 section (Fig. 5). This unit is 30–40 m thick and directly overlies
Cambrian to Ordovician volcanic rocks of the Castro Group (Assine,
1996) at Guartelá and Sítio Canei, and Ordovician to Silurian dia-
mictites of the Iapó Formation (Rio Ivaí Group; Assine et al., 1998a) at
São Jorge-Alagados.

This unit is dominated by thin (< 50 cm), lenticular, massive
pebbly coarse-grained sandstones (facies Sm; Fig. 4A), but also includes
0.4 to 2.0 m-thick tabular sets of planar cross-bedded, medium- to
coarse-grained sandstones (facies Sp; Fig. 4B) and trough cross-strati-
fication (facies St; Fig. 4C). Subordinate rocks include centimetric,
massive, locally imbricated clast pavements (facies Gm; Fig. 4D) and
trough cross-bedded clast-supported conglomerates (facies Gt; Fig. 4E).

Trace fossils are present locally in all above-described dominant
lithofacies, although the bioturbation in all cases is low to moderate (BS
1 to 3; Fig. 5). Assemblages representing the proximal Cruziana Ich-
nofacies are dominated by Palaeophycus, Thalassinoides, and, locally,
Rusophycus. However, Skolithos Ichnofacies assemblages with Skolithos,
Arenicolites, and Cylindrichnus also are common in pebbly sandstones
(lithofacies Sm) and are a subordinate component in the cross-bedded
sandstones (lithofacies Sp and St) (Fig. 5).

5.2. Middle unit

The middle unit is represented in all sections except for the PR 340
locality. This unit is ~130 m thick at Guartelá and ~95 m thick at São-
Jorge-Alagados; the Sítio Canei section exposes only the lower ~20 m
of the unit. At all three localities, the transition from the lower to the
middle Furnas Formation is gradational and generally reflects a fining-
upward trend (Fig. 5).

This unit is dominated by fine- to coarse-grained planar and trough
cross-bedded sandstones, 0.3 to 2.5 m thick (facies Sp and St).
Subordinate lithofacies include fine- to coarse-grained sandstones with
sigmoidal cross-bed sets having reactivation surfaces (facies Ss; Fig. 4F)
and horizontal to subhorizontal stratification (facies Sh; Fig. 4G), rip-
pled fine-grained sandstones (facies Sr; Fig. 4H), and 0.2 to 1.8 m-thick
massive and crudely laminated mudstones (facies F and Fl; Fig. 4I).
Noteworthy is the presence of cross-bed sets up to 4 m thick, exhibiting
foreset mud drapes and internal reactivation surfaces.

As in the lower unit, bioturbation is common but of low to moderate
intensity (BS 1–3); most intervals (facies St, Sp, Ss, and Sh) are domi-
nated by low-diversity proximal Cruziana Ichnofacies assemblages, and
some (facies Sp and St) locally include Skolithos Ichnofacies suites
(Fig. 5). Occurrences of proximal Cruziana Ichnofacies assemblages
include one or a few of the following ichnotaxa: Palaeophycus tubularis,Ta
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Didymaulichnus lyelli, Thalassinoides, Cruziana acacensis elongata, Didy-
maulyponomos rowei, Heimdallia chatwini, Lockeia siliquaria, Psammich-
nites implexus, Rhizocorallium commune, Rusophycus acacensis, and Ar-
throphycus brongniartii. Skolithos Ichnofacies assemblages include
Arenicolites, Skolithos, Cylindrichnus and Diplocraterion. Rippled sand-
stones (facies Sr) contain Palaeophycus and locally Arthrophycus alle-
ghaniensis. Massive mudstones and siltstones (facies F/Fl) lack trace
fossils altogether.

5.3. Upper unit

The upper unit is represented at all sections except at Sítio Canei. It
is ~130 m thick at Guartelá, while only the uppermost 17 m and the
lowermost 2 m are exposed at PR 340 and São Jorge-Alagados, re-
spectively (Fig. 5). The base of the upper Furnas Formation is marked
by a sharp planar erosive ravinement surface, overlain by thin clast-
supported conglomerate beds (Fig. 4J).

This unit is dominated by medium- to coarse-grained sandstones
with planar (lithofacies Sp), trough (facies St), or sigmoidal cross
bedding (facies Ss) in sets ranging from 0.5 to 5.0 m in thickness.
Sandstones with sigmoidal cross bedding contain common mud drapes.

Subordinate facies include thin, locally imbricated clast pavements

(facies Gm), massive to weakly graded, conglomeratic sandstones (fa-
cies Sm), trough cross-stratified, clast-supported conglomerates (facies
Gt), fine- to medium-grained hummocky cross-stratified sandstones
(facies Shc; Fig. 4K), and massive mudstones (facies F). The last two
lithofacies are generally restricted to the PR 340 section, in the upper
parts of the upper unit. Mudstones at that level contain terrestrial fossil
remains, including that of the primitive vascular plant Cooksonia
(Gerrienne et al., 2001).

Most of the lithofacies in this unit are weakly bioturbated
(BS = 1–2) and contain trace fossil assemblages representing both the
proximal Cruziana and Skolithos ichnofacies (Fig. 5). The former in-
cludes Palaeophycus, Thalassinoides, and locally Rhizocorallium commune
or Didymaulichnus lyelli. The latter includes Skolithos, Arenicolites, and
Cylindrichnus.

Hummocky cross-stratified sandstones (facies Shc) occur inter-
bedded with shales at the very top of Unit III, in what Petri (1948)
referred to as the “Transitional Beds” to the overlying Ponta Grossa
Formation. The Transitional Beds are relatively highly bioturbated (BS
3–4), reflecting the dense emplacement of commonly stacked Rosselia
(i.e., the Crowded Rosselia Ichnofabric, or CRI, of Netto et al., 2014) and
localized co-occurrences of Cylindrichnus, Skolithos and/or Diplocra-
terion.

Fig. 4. Sedimentary facies of Furnas Formation (see Table 1). A. Pebbly coarse-grained sandstones (facies Sm). B. Fine- to medium-grained sandstones with tabular sets of planar cross-
stratification (facies Sp). C. Fine- to medium-grained sandstones with trough cross-stratification (facies St). D. Structureless and locally imbricate clast pavements (facies Gm). E.
Stratified, clast-supported conglomerate (facies Gt). F. Fine- to medium-grained sandstone with trough cross-stratification with reactivation surfaces (facies Ss). G. Medium-grained
sandstones with horizontal stratification (arrow; facies Sh). H. Wave ripples in very fine- to fine-grained sandstones (facies Sr). I. Massive mudstones (facies F/Fl). J. Structureless clast
pavements (facies Gm at middle–upper units contact). K. Fine-grained sandstones with hummocky cross-stratification (facies Shc).
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6. Paleoenvironmental interpretation

Based on detailed stratigraphic and sedimentologic data, supported
by the presence of trilobite traces, Assine (1996, 1999) interpreted the
Furnas Formation as representing marine environments. Our sedi-
mentologic and ichnologic observations overwhelmingly support that
interpretation, particularly the detailed trace fossil analysis, as dis-
cussed below.

6.1. Physical sedimentologic evidence

Sedimentary facies associations are consistent with high-energy,
tide-dominated and, to a lesser extent, storm-influenced, shallow
marine depositional environments. Laterally extensive tabular cross-
bed sets, common in sandstones throughout the Furnas Formation
(Fig. 4B), are inconsistent with fluvial braided systems. In contrast,
tabular sets may be common in tidal regimes, reflecting the migration

Fig. 5. Distribution of lithofacies, recurring ichnotaxa, degree of bioturbation, and ichnofacies in four sections of Furnas Formation in Campos Gerais region, Paraná State, Brazil. A.
Canyon Guartelá section, Tibagi. B. “Sítio Canei” section, Palmeira. C. PR340 section, Tibagi; D. São Jorge–Alagados section, Ponta Grossa.
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of elongate, straight-crested, flat-topped subaqueous bars or sandwaves
in areas of high tidal asymmetry (Dalrymple and Choi, 2007). Specific
lithofacies also provide evidence for significant tidal influence. These
include sandstones with sigmoidal cross-bedding (facies Ss; Fig. 4F) and
mud drapes, which occur with increasing frequency upward through
the middle and upper units (Fig. 5). These sets reflect tide-mediated
migration of bedforms in areas of higher tidal asymmetry (Reading,
1996). While a tidal signal is prevalent throughout most of the Furnas
Formation, the hummocky cross-stratified sandstones (facies Shc) ob-
served at the top of the section at the PR 340 locality (the aforemen-
tioned Transitional Beds of Petri, 1948) reflect a storm-influenced
marine setting. As previously suggested by Netto et al. (2014), facies
Shc likely reflects deposition in lower shoreface or transitional offshore
settings.

6.2. Ichnologic evidence

Ichnofossil assemblages lend further support for the marine inter-
pretation. Some of the recurring ichnotaxa found in the Furnas
Formation have been recognized in continental as well as marine de-
posits, such as Palaeophycus, Didymaulichnus, and Skolithos (Bradshaw,
1981; Buatois et al., 1998; Buatois and Mángano, 2011). Other ichno-
taxa, including Arenicolites, Cylindrichnus, and Rhizocorallium, also have
been recognized in continental facies, but only in the post-Paleozoic
stratigraphic record (Minter et al., 2016). Notably, throughout the
Furnas Formation, such potentially facies-crossing ichnotaxa co-occur
with other ichnotaxa that are regarded as indicative of marginal marine
and marine conditions (e.g., Thalassinoides, Rusophycus, Cruziana, Ar-
throphycus, Psammichnites). Hence, ichnofossil assemblages at all levels
indicate marine conditions.

The low intensities of bioturbation observed through the Furnas
Formation overall reflect high-energy regimes. Ichnofossils likely were
only emplaced during periods of relatively quiescence that provided
windows for colonization by benthic organisms. Skolithos Ichnofacies
assemblages reflect colonization under high-energy environmental
conditions, while Cruziana Ichnofacies assemblages record colonization
in quieter, deeper-water settings. The latter ichnofacies dominates in
the middle unit, which is characterized by finer overall finer grain size
and includes common interbedded fine-grained facies. The middle unit
contains the most ethologically diverse ichnoassemblages. This likely
reflects lower-energy regimes (and, perhaps, somewhat deeper water)
than those associated with lower and upper units.

As noted above, the common stacked, funnel-shaped Rosselia in
hummocky cross-stratified sandstones in “Transitional Beds” record
equilibrium responses by stress-tolerant organisms to high-frequency

storm depositional events (Netto et al., 2014).
In summary, sedimentologic and ichnologic observations of the

Furnas Formation indicate deposition in moderate- to high-energy,
strongly tide-influenced but locally storm-influenced marine environ-
ments, most likely in the lower shoreface to offshore transition.
Depending on energy regime and available colonization windows, se-
diments were periodically inhabited by varied communities of sus-
pension-, detritus-, deposit-feeding, and/or predaceous organisms.

7. Ichnostratigraphic implications

Aside from plant fossils found in thin, fine-grained facies in the
upper unit (Mussa et al., 1996; Gerrienne et al., 2001), body fossils are
absent in the Furnas Formation. The lack of body fossils is likely related
to persistently high-energy conditions and sandy substrates unfavorable
for preservation. These substrates were probably relatively permeable
and saturated with oxygenated pore water, factors that are not con-
ducive for body fossil preservation. Regardless of the cause, the absence
of body fossils precludes traditional biostratigraphic studies. For-
tunately, ichnofossils can assist in establishing age relations and
chronostratigraphic framework.

7.1. Furnas Formation ichnofossils as biostratigraphic indicators

One of the commonly stated principles of ichnology is that most
trace fossils have rather long geologic ranges and, hence, generally are
of limited or no use in biostratigraphic analysis (e.g., Bromley, 1996;
Buatois et al., 2002; Buatois and Mángano, 2011). However, for lower
Paleozoic strata, certain ichnotaxa preserve morphological features that
reflect behaviors and construction strategies that can be linked to
specific groups of age-diagnostic trace makers and therefore can be
applied as biostratigraphic indicators (Seilacher, 2007). Such trace
fossils include Cruziana and the arthrophycids (Seilacher, 2000, 2007;
Mángano et al., 2005; Buatois and Mángano, 2011) (Fig. 6).

Cruziana and Rusophycus were reported in previous investigations of
the Furnas Formation (Fernandes, 1996; Assine, 1999; Seilacher, 2007;
Netto et al., 2012). Three ichnotaxa with ichnostratigraphic sig-
nificance are here documented: Cruziana acacensis elongata, Ar-
throphycus alleghaniensis, and A. brongniartii. Both Cruziana acacensis
elongata and Rusophycus acacensis, which comprise the “acacensis
group”, were recognized here in the middle unit (São Jorge-Alagados
section; Fig. 5). Seilacher (2007) recognized this group as a strati-
graphic marker of the Lower Silurian (Fig. 6), a relationship corrobo-
rated by co-occurrences of ichnofossils and body fossils at other
Gondwanan locations, in Benin and Argentina.

Fig. 6. Chronostratigraphic range of ichnospecies of Cruziana
and Arthrophycus (ichnotaxa present in lower and middle units of
Furnas Formation are highlighted in bold) (modified after
Seilacher, 2007; Brandt et al., 2010; Buatois and Mángano,
2011).
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Regarding the arthrophycids, Mángano et al. (2005) and Brandt
et al. (2010) list five ichnospecies with ichnostratigraphic significance:
A. brongniartii (=A. linearis), A. alleghaniensis, A. lateralis, A. minimus
and A. parallelus (Fig. 6). Both A. brongiartii and A. alleghaniensis are
present in the middle unit of Furnas Formation (in the São Jorge-Ala-
gados and Sítio sections, respectively; Fig. 5). A. brongiartii is an in-
dicator of the Lower Ordovician to Lower Silurian, while A. allegha-
niensis is used as a guide fossil for the Lower Silurian (Seilacher, 2000,
2007; Buatois and Mángano, 2011). These relations are supported by
other occurrences of these ichnospecies in fossiliferous strata reported
mostly in Gondwanan terranes from Brazil, Argentina, Falkland/Mal-
vinas Islands, Libya and Chad, with records recently reported from
Laurasia (USA; Rindsberg and Martin, 2003; Mángano et al., 2005).
Based on the discussion above, a Lower Silurian age can be assigned to
the lower and middle units of the Furnas Formation.

The record of the “acacensis group” in Paraná Basin (Brazil) fills a
geographic gap in Gondwana during the Lower Silurian, corroborating
the idea of a possible transcontinental seaway (Seilacher, 2007), since
this group was previously reported in Argentina (Jujuy Province) and
North Africa. Besides the paleogeographic relevance, this revised se-
quence stratigraphic framework may have implications for hydro-
carbon exploration in the Paraná Basin. Notably, once-contiguous lower
Silurian strata in North Africa are important source and reservoir rocks.

7.2. Sequence stratigraphic implications

Two different interpretations have been proposed with regard to the
sequence stratigraphy of the Furnas Formation (Fig. 1B). Excluding the
uppermost storm-influenced transition beds, Bergamaschi (1999) con-
sidered the entire section of the Furnas Formation as a single trans-
gressive-regressive cycle. In contrast, Assine (1996) placed a sequence
boundary between the middle and upper units, based on the existence
of lag pavements on ravinement surfaces between the middle and upper
units, visible in outcrops and traceable in the subsurface using gamma-
ray well logs.

Our data also suggest the existence of a significant stratigraphic
discontinuity at the base of the upper unit (Fig. 7). During deposition of
the lower and middle units (Lower Silurian according the ichnogenera
reported here), sedimentation took place under relatively uniform
conditions in tidally influenced regimes, and the finer sediment textures
and greater ichnological diversity of the middle unit could be inter-
preted as an indication of transgression.

However, it is not yet possible to accurately determine the magni-
tude of the gap recognized between the middle and upper unit, owing to

the lack of age-constraining fossils through the 100 m-thick upper unit.
Palynomorphs and primitive plant fossils have been recovered only
near the top of the upper unit (maximum 30 m below the contact with
the Ponta Grossa Formation) and these reveal lowest Devonian ages;
i.e., Pragian (Dino and Rodrigues, 1995) or Lochkovian (Loboziak and
Melo, 2002; Rubinstein et al., 2005; Milagres et al., 2007; Grahn et al.,
2010).

The hiatus recognized between the middle and upper Furnas is co-
incident with the major sea-level fall that occurred during the Late
Silurian (Ross and Ross, 1988; Johnson, 1996). However, it is not
possible to affirm the time span between deposition of the lower and
middle Furnas (Lower Silurian) and the upper Furnas (? Upper Silurian
to Pragian) (Fig. 7).

There is no evidence of subaerial exposure in the studied sections,
nor the existence of substrate-controlled ichnofacies. The presence of
pavements of conglomerate lags is suggestive of sea level fall, fluvial
progradation on shelfal environments and subsequent wave reworking
and gravel concentration. This sedimentologic information is in ac-
cordance with ichnofacies changes, but the temporal significance of this
disconformity within the Furnas Formation would not have been es-
tablished without information provided by age-diagnostic ichnotaxa.

8. Conclusions

1. Seventeen ichnotaxa were identified in the Furnas Formation ex-
posed in the Campos Gerais region of Brazil, doubling the number of
ichnotaxa previously recognized in these strata. These traces record
feeding, dwelling and/or locomotion activities of various in-
vertebrate organisms (mainly arthropods, polychaetes, and mol-
lusks). Associations of these ichnotaxa define two ichnofacies:
Skolithos and proximal Cruziana ichnofacies.

2. In conjunction with evidence provided by suites of physical sedi-
mentary features (e.g., sigmoidal stratification, mud drapes, and
rare hummocky cross-stratification), ichnofossils indicate that
Furnas deposition took place in a tide-dominated (locally storm-in-
fluenced), moderate- to high-energy, shallow marine environment.

3. Ichnotaxa with biostratigraphic significance (Arthrophycus allegha-
niensis, A. brongniartii, Cruziana acacensis elongata) indicate an Early
Silurian (Llandovery to Wenlock) age for the lower and middle units
of the Furnas Formation.

4. Considering the Early Devonian (Lochkovian) age established for
the upper unit by microfossil evidence, the contact between the
middle and upper units of the Furnas Formation corresponds to a
significant hiatus associated with the Late Silurian global sea-level

Fig. 7. General chronostratigraphic context of the Rio Ivaí and Paraná groups (supersequences), Paraná Basin, based on the current study (stratigraphic relations for the Ordovician and
Devonian are based on Assine et al., 1994, 1998b; Milani et al., 2007; Grahn et al., 2010, 2013; Adôrno et al., 2016; ages are from Cohen et al., 2013).
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fall, and may record the Late Silurian (Pridoli) global regression.
5. The recognition of a new Lower Silurian stratigraphic sequence in

the Paraná Basin has important implications for Gondwanan pa-
laeogeography and economic resource potential.
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Appendix A. Systematic ichnology

Ichnogenus Didymaulyponomos Bradshaw, 1981
Didymaulyponomos rowei Bradshaw, 1981
Fig. 3D
2001 Furnasichnus langei Borghi and Fernandes, Figs.4, 5
Diagnosis: Horizontal, endichnial burrows with median ridge along

the floor and with or without an infill (Bradshaw, 1981).
Material: Observations in situ (São Jorge–Alagados section; Guartelá

section).
Description: These structures appear as horizontal, straight to sin-

uous, unbranched, and unornamented endichnial burrows with median
furrows in their lower parts. Fills are structureless and similar or locally
finer than surrounding sediment. Specimens are generally equidimen-
sional with respect to width and height (15–20 mm) and may exceed
1 m in length.

Remarks: Recently, Buatois et al. (2017) suggested that Furnasichnus
is a junior synonym of Didymaulichnus, arguing that Borghi and
Fernandes (2001) established this new ichnogenus based on the as-
sumption that Didymaulichnus is epigenic, while Furnasichnus is the
product of endogenic activity. In his original description, Young (1972)
did regard Didymaulichnus as an epigenetic trail. Hence, Didymaulichnus
does differ from Furnasichnus in this regard. However, comparing the
original diagnoses of Didymaulyponomos Bradshaw, 1981 and Furna-
sichnus Borghi and Fernandes, 2001 (horizontal, straight to sinuous,
tubular, unornamented, unbranched burrows, with a median furrow in
its lower part; fills with the same type of sediment of the host-rock), it is
clear that they describe the same morphology. The only difference is
that Borghi and Fernandes (2001) observed fill similar to the host se-
diment, while Bradshaw (1981) described fill finer than the host sedi-
ment. However, this textural difference does not justify ichnotaxonomic
separation. Hence, we regard Furnasichnus as a junior synonym of Di-
dymaulyponomos, a monospecific ichnogenus (D. rowei).

Bradshaw (1981) argued that Didymaulyponomos represents feeding
or dwelling activity by arthropods below the sediment surface. Trewin
and MacNamara (1994) observed that the “trail” Didymaulichnus is
quite similar to the bottom surface of the burrow Didymaulyponomos,
interpreting that an erosional event may be involved in Didymaulichnus
preservation. Despite these similarities, both ichnogenera remain valid
because it was not proved that they correspond to the same structure.
Buatois et al. (2017) included this trace in their architectural design
category “passively filled horizontal burrows”, similar to Palaeophycus.
The occurrences of D. rowei in the Furnas Formation are associated with
Palaeophycus.

Ichnogenus Rusophycus Hall, 1852
Rusophycus acacensis n. ichnosp.
Fig. 2F, G, J

Diagnosis: Bilobed, ovate, symmetrical traces with furrow exhibiting
a distinct medial ridge on the lower surface and sets of five scratches.

Material: Observations in situ (São Jorge-Alagados section; Guartelá
section). Holotype: ULVG-12261a (Fig. 2F); paratypes: ULVG-12261b
and ULVG-12261.

Description: Short, bilobate burrows with medial ridges, having sets
of five heavy and blunt scratch traces. The burrows range from 18 to
32 mm wide and 25 to 60 mm long. These bilobed traces are preserved
in concave epirelief, normally with 3 mm depth. Locally, Rusophycus
acacensis occurs connected with Cruziana acacensis elongata (compound
trace fossils) (Fig. 2F–G).

Remarks: The name for this ichnospecies comes from the long trace
fossil that is preserved connected to Cruziana acacensis. Although
Seilacher (2007) did not propose Rusophycus acacensis as an ichnos-
pecies, he noted that Cruziana acacensis elongata frequently is connected
with a rusophyciform burrow. Netto et al. (2014) referred to these
traces as Rusophycus cf. acacensis, considering their compound nature,
and here we define this new ichnospecies.

The tracemakers of both Cruziana and Rusophycus are bilaterally
symmetrical organisms, most probably arthropods (Donovan, 2010). In
Paleozoic strata, they occur exclusively in marine deposits and are
generally attributed to trilobites (Goldring, 1985; Fortey and Seilacher,
1997). In the current study, both C. acacensis and R. acacensis were
produced by the same tracemaker in response to different behaviors.
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